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ABSTRACT 
 
In this study the nutrition, growth and production of C. destructor was examined. 
Selected nutritional requirements of juvenile animals were determined under 
controlled conditions with the aim of developing a pelleted diet for use in hatcheries, 
nurseries and growout situations. The best developed diet was assessed for its 
potential as a supplementary feed for animals cultured in earthen environments. 
 
The protein requirements were first determined simultaneously with an evaluation of 
the effect of replacing animal protein (fishmeal) by soybean meal. Juveniles were 
reared communally for 59 d on isoenergetic diets containing 15-30% protein and 
graded levels of soybean meal (0-60%, of protein). When soybean meal was included 
at a level of 40-60%, growth was reduced relative to that achieved with control diets 
containing 15% and 20% protein, but this was not the case at a 20% soybean meal 
substitution level. A two-way interaction occurred between dietary protein and 
soybean meal content. Higher protein feeds enabled higher soybean meal inclusion 
levels without significantly affecting growth. Protein increases of 5% produced 
better growth at the 40% and 60% soybean meal substitution levels. This effect was 
less pronounced in the control and the 20% soybean meal diets. Carcass %protein 
increased and %lipid decreased as dietary protein increased. A similar effect 
occurred by increasing the soybean meal level to 60%. No obvious trend in carcass 
moisture, energy, and ash occurred. A protein requirement of 30% was apparent 
when fish meal and soybean meal were included in diets at levels of 20% and 24% 
(dry matter) respectively. 
 
 XXII
Alternative protein sources to soybean meal were subsequently identified. Juveniles 
were maintained for 12 weeks on isoenergetic diets containing 30% protein and 
differing in the primary source of protein used, with meat, snail, soybean, yabby, and 
zooplankton meals comprising the major protein ingredient. No significant difference 
occurred in mean weight (MW),  percentage weight gain (%WG), SGR or survival 
among diets. Food conversion ratios (FCR) were low, with a minimum value of 0.95 
for the snail-based diet. The apparent net protein utilisation (ANPU) varied from 
29.6% (zooplankton-based diet) to 41.2% (snail-based diet). Carcass composition 
varied with diet, with the greatest difference occurring in carapace colour. Animals 
fed the zooplankton-based diet developed the strongest, most natural pigmentation. 
 
A new combination of previously used protein-based ingredients was subsequently 
tested with reference to two yabby species, Cherax albidus and Cherax destructor, 
that were grown simultaneously in identical conditions. Juvenile male animals were 
reared individually for 20 weeks on isoenergetic diets containing 15% or 30% 
protein with fish meal, soybean meal, yabby meal and wheat products forming the 
basis of the diets. C. albidus grew the fastest and utilised the food the most 
effectively. Carcass composition was influenced by diet with the 30% protein diet 
resulting in an increase in carcass protein and ash and a decrease in carcass lipid and 
energy relative to the low protein diet. Carcass moisture and calcium were not 
affected by diet.  
 
The intermoult period (IP) was highly dependent on the premoult weight (W) but the 
mean moult increment (WI, as weight) was independent of the PM. The orbital 
carapace length (OCL) and the abdominal length (ABL) %moult increments 
generally declined with an increase in PM whereas the propus length (PL) %moult 
increment generally increased. The IP, WI, %OCL, %ABL, and %PL moult 
increments varied according to diet and to species. Elevated dietary protein caused a 
reduction to the IP (for similar sized animals) by 11 d and 7 d and an increase to the 
WI by 85% and 81% in C. albidus and C. destructor respectively. Dietary induced 
morphological changes also occurred. Animals of a standard OCL (both species) had 
significantly larger abdomens when fed the higher protein diet. 
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Growth on the best developed diet was compared to the growth obtained on a natural 
diet of freshwater zooplankton. Juveniles were reared individually for 12 weeks on 
the two diets. The MW, %WG and SGR were higher for the zooplankton diet. 
Carcass composition was influenced by diet and the zooplankton fed animals had a 
higher carcass %protein, %lipid, %ash and %fibre content and were more richly 
pigmented than animals fed pellets. The IP and the WI were highly dependent on the 
PM and varied according to diet; feeding with zooplankton reduced the IP by 1.2 
days and increased the WI by 13.7% compared to pellets. 
 
Nutrient digestibility was determined for the pelleted diets evaluated in the growth 
trials. Protein digestibility (PD) and dry matter digestibility (DMD), using chromic 
oxide (Cr2O3) as an exogenous marker, were high for all diets, at around 93% and 
83% respectively. Ash digestibility varied considerably from 17% to 73% for the 
snail and yabby meal diets respectively. Crude fibre digestibility was around 50% 
and probably indicates cellulase activity. Alternative markers to Cr2O3 were 
evaluated. Ash was considered to be the most suitable alternative to Cr2O3, providing 
a reasonable, albeit lower, estimate of nutrient digestibility. Cr2O3 and ash were 
preferentially excreted whereas fibre was retained in the digestive system for a 
longer period, consequently, the collection of a particular fraction of the deposited 
faeces (late or early) substantially affected the digestibility coefficients. 
 
In earthen-based environments, animals fed the best developed diet were compared 
to animals cultured using a forage crop of clover (Trifolium repens). Three 
supplementary feeding strategies representing varying levels of management 
intensity were evaluated in a series of trials conducted in ponds and pond 
microcosms. Growth on pellets consistently exceeded that obtained with the forage 
crop, with final MW being 67-159% higher than that using clover and appeared to be 
the result of direct pellet consumption and from a pellet fertiliser effect (on the 
sediment). 
 
Within-pond DMD and PD were high and similar for each treatment (DMD = 51-
58%; PD = 89-92%). In the control pond, DMD and PD increased with each 
successive flood. The faecal egestion rate (FER) decreased with each successive 
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flood in all ponds, and is negatively related to animal weight and to foregut fullness 
(FF) according to power curves. FF was consistently lowest in the control pond. 
Mean FF was 48.5%, 62.3%, and 26.7% for the pellet, crop and control ponds 
respectively. FF increased to the third flood in each pond. The foregut protein 
content was high in all samples and the mean values were 33.9%, 32.7% and 35.6% 
for the pellet, crop and control ponds respectively. Foregut ash was highly variable 
within each pond and is inversely related to the foregut protein content. In the control 
and pellet ponds the highest foregut ash content occurred during flood 1. 
 
The culture system (aquaria or pond) strongly influenced the composition of the 
foregut content. The foregut of animals fed the manufactured diet (B2) in ponds 
contained approximately 176% more ash and 5% more protein than the foregut of 
animals fed in bare-bottom tanks. The FF of the tank fed animals was approximately 
45% higher than the FF of pond fed animals after a similar feeding period. 
 
Base-line yields for extensive production systems appeared to be around 400kg ha-1. 
The supplementary addition of T. repens produced yields of approximately 635kg ha-
1 (in ponds) to around 1086kg ha-1 (in tanks). The sequential addition of cut-clover to 
tanks stimulated growth to levels approaching those achieved on pellets. Yabbies 
stocked into ponds at 15-20 m-2 with a mean weight of 2.67g and fed a 30% protein 
pelleted diet for 100 d, resulted in a yield of approximately 1117kg ha-1, but only 2% 
of the population were above a marketable size of 50g. 
 
The feed utilisation indices were better for animals reared on pellets in bare-bottom 
tanks than in earthen environments, indicating some degree of pellet wastage when 
natural feeds are simultaneously present. High apparent food conversion ratios and 
low protein efficiency ratios occurred when the forage crop was provided. A 
considerable quantity of the dry matter and protein content of the forage crop was 
either inefficiently utilised or directed into other production pathways. Sowing a 
forage crop into pond microcosms to which a pelleted diet was also provided, did not 
enhance growth performance. 
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Pelleted feed inputs at a rate of approximately 129g m-2 to 198g m-2 (dry matter) and 
38g m-2 to 64g m-2 (protein) over 70-100 d resulted in acceptable growth and feed 
utilisation indices for animals reared in ponds and pond microcosms. Forage crop 
inputs of approximately 533g m-2 to 680g m-2 (as dry matter) or 84g m-2 to 177g m-2 
(as protein) over a 70-100 d period produced reasonable growth rates but poor feed 
utilisation indices. Low inputs of dry matter (from 113-296g m-2) and protein (from 
24-54g m-2) from clover were sufficient to maintain high growth rates in pond 
microcosms for around 28 d. In ponds, a very low level of 21g m-2 (dry matter) and 
4.3g m-2 (protein) was sufficient for around 3 weeks. Forage depletion appeared to 
occur beyond week 3-4 and was probably a major growth limiting factor. 
The mean hepatosomatic index (HSI) was 9.44, 7.68, and 6.79 for the pellet, crop, 
and control ponds respectively. The relationship between hepatopancreas weight and 
overall animal weight was significantly different between treatments. The 
hepatopancreas of pellet-fed animals had the highest %lipid and lowest %ash, 
%protein, %carbohydrate and %moisture content. In terms of absolute quantities, the 
only major difference in hepatopancreas composition between treatments occurred 
for lipid and dry matter content. The hepatopancreas of the pellet-fed animals was a 
cream/cream-yellow colour and was very fragile, whereas in the other ponds it was a 
more “natural” bright yellow colour and was structurally more robust. 
 
C. destructor has a capacious foregut, being approximately 5 times the volume of 
similar sized Penaeids. The foregut volume (V, ml) of the yabby is related to animal 
weight (W, g) according to V = 0.048 W0.9543. Animals that were starved for 96 h 
and then fed diet B2 were almost completely full after 30 min. 
 
The “apparent enzymatic response” of animals fed various natural and artificial diets 
in tanks was evaluated. Nutrient processing time and the enzymatic response 
following ingestion appeared to be regulated by the chemical and physical properties 
of the diet. For the natural feeds, foregut protein was 1.2% higher (for zooplankton) 
and up to 300% higher (for detritus) than dietary protein, whereas ash was 7.5% 
higher (zooplankton) and 46-63% lower (detritus) than dietary ash. For animals fed 
diet B2 after 48 h without food, FF was approximately half that of 96 h starved 
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animals after a similar feeding period but foregut protein and ash contents were 
similar. 
 
Finally, the physiological and morphological attributes elucidated in this study are 
discussed with reference to the ecology of the yabby. High growth rates, excellent 
feed utilisation indices and high digestibility coefficients for a wide range of diet-
types illustrate nutritional flexibility. A capacious foregut, a large hepatopancreas 
with a high energy storage capacity, the ability to partition and preferentially excrete 
the low nutrient value inorganic component of the diet, the capacity to alter body 
form, nutrient processing time and enzymatic secretions in relation to diet-type, and 
modified behaviour according to feed availability also demonstrate 
plasticity/adaptability/flexibility. The combined effect of these important 
characteristics ensures survival in environments that may be adverse and highly 
variable in terms of nutrient availability. Collectively the morphological and 
digestive traits elucidated in this study reflect the generalist-type nature of C. 
destructor and indicate that a polytrophic classification still seems appropriate.  
 
Several priority areas for further nutrition research are identified and 
recommendations are made regarding the best-practices to use in the commercial 
culture of the yabby. Of paramount importance is the further clarification of the 
nutritional requirements and feeding preferences of animals in various phases of 
development.  
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CHAPTER 1 
 
General Introduction 
 
Aquaculture is currently one of the fastest growing primary production sectors in the 
world. Global demand for aquaculture products is expected to reach 22-24 million 
tonnes by the year 2000 (a 14-24% increase since 1990) (Chamberlain and 
Rosenthal, 1995). There has been an “aquaculture boom” in recent times and during 
the past decade, average annual growth rates as high as 8% have been reported for 
some countries (e.g., Taiwan; Liao, 1992). A concerted scientific effort and the 
development of improved biotechnological procedures should ensure that 
aquaculture industries continue to grow, although the real challenge will be to 
guarantee environmental sustainability and to minimise the impact of aquaculture on 
wild fisheries (Liao, 1992). 
 
Aquaculture production in Australia is low by world standards (<0.5% of world 
production, FAO, 1994) and is principally based on only a few species of animals. 
The lack of pertinent scientific data on most of the native aquatic fauna in Australia, 
has been a serious impediment to aquaculture development and consequently many 
sectors of the industry have been slow to establish. Nevertheless, the development of 
some aquaculture industries has been rapid and has been “fuelled” by the prospect of 
good economic returns, mainly from exports. Recently, the number of aquatic 
animals being considered for culture has dramatically increased and some are also 
under evaluation for conservation purposes. The successful commercial culture of 
several new species has also emerged (Allan, 1995) and there is considerable 
concern that aquaculture in Australia develops along sustainable and sensible 
guidelines and does not compromise wild fisheries. 
 
Presently, the aquaculture industry in Australia is focussed mainly on the production 
of intensively reared species which feed high in the food chain and which are 
targeted for overseas markets (Clark, 1995). Compounded pelleted diets are 
generally the main food source for these species and usually constitute the highest 
variable operational cost (up to 70% of total operating costs) (Wee, 1992) increasing 
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with the level of culture intensity. As aquaculture (and agriculture) continues to 
expand and shifts towards more intensive culture technologies, so does the demand 
for suitable feeds. Global aquafeed production by the year 2000 is expected to be 
about 4.6 million tonnes per annum (a 56% increase from 1990) (Chamberlain 
1993). Much research is continuing in an attempt to increase profitability of 
intensive operations by developing more efficient feeds and feeding practices. 
Methods of minimising feed costs and reducing the negative impact of feeds on the 
environment have been identified as priorities for future research (D’Abramo and 
Lovell, 1991; Liao, 1992; Cowey and Cho, 1991). 
 
Currently, a high dependence is placed on the marine resource for “essential” feed 
components (particularly fish meal and fish oil) and this will continue to increase 
into the next century despite a predicted decline in wild harvests. Extreme 
competition for a limited and diminishing marine resource is expected to result in a 
price spiral (O’Sullivan, 1994). It remains to be seen whether countries that have 
limited local supplies of suitable marine-based feeds, will be able to profitably 
culture species that have a high dependence on this resource. Australia (and many 
other countries) is critically challenged with the problem of how to continue to 
increase and promote the use of intensive culture technologies in light of the 
apparent escalating problems associated with feed availability and feed cost.  
 
There are numerous ways to tackle this difficult issue. On the one hand an intensive 
research effort is required to identify suitable cheap alternatives to marine-based 
feeds (and indeed this approach has been adopted by many of countries including 
Australia), but equally important is the selection of alternative species for culture. A 
shift of focus from culturing higher order carnivores, which usually require high 
inputs of marine-based feeds, to species that feed lower in the aquatic food chain 
may be the most expedient approach. With respect to crustaceans, Tacon (1993b) 
identified freshwater crayfish as a desirable candidate for commercial culture due to 
the capacity of these animals to feed low in the food chain and to make maximum 
use of naturally available food organisms with minimal exogenous supplementary 
feed inputs. 
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During its early history the Australian freshwater crayfish industry experienced a 
number of major setbacks with the failure of several large farms. Overly zealous 
entrepreneurial activity combined with an inadequate research base and lack of 
understanding of the biology and culture potential of Australian freshwater crayfish 
were largely responsible. Recently, the industry has regained momentum and several 
large (>20 hectares) and numerous small farms are operating. Despite this upsurge 
in freshwater crayfish culture, Australia only produces approximately 357 tonnes per 
annum (ABARE, 1994) or 0.6% of world production, of which a small component 
comes from managed and wild fisheries. In the early 1970s the freshwater crayfish 
industry in Australia was based almost entirely on wild-caught animals and it was 
only after this fishery declined due to harvesting pressure that freshwater crayfish 
culture became a serious consideration. The present small size of the Australian 
freshwater crayfish aquaculture industry is somewhat inconsistent with the excellent 
culture potential of some of its representative species (Morrissy et al., 1990; 
Holdich, 1993). 
 
Crustacean culture in Australia is based principally on marine penaeids (mainly 
Penaeus monodon Fabricius, P. japonicus Bate, and Metapenaeus macleayi 
Haswell), however the freshwater crayfish industry has continued to grow, albeit 
slowly, for the past 25 years. Presently the industry is based on several parastacid 
species; the yabby, Cherax destructor/albidus (Clark), the marron, C. tenuimanus 
(Smith), and the redclaw, C. quadricarinatus (von Martens). The commercial 
potential of these species is well recognised internationally and they have all been 
exported for market evaluation, aquaculture research and commercial scale trials 
(Holdich, 1993; Medley et al., 1994; Austin, 1995). Commercial farms based on the 
above species are now operating in several other countries. Global aquaculture 
production of freshwater crustaceans is approximately 64,000 tonnes per annum 
(FAO, 1994) of which most can be attributed to the red swamp crawfish, 
Procambarus clarkii (Girard) and to the giant river prawn, Macrobrachium 
rosenbergii (De Man).  
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Species delineation within the C. destructor/albidus complex is based primarily on 
morphological characteristics associated with the chelae (Sokol, 1988b; Campbell et 
al., 1994), however other attributes (e.g., areolar width and tail size) may also be 
useful (Austin, 1987; Sokol, 1988b). Although the 2 species are morphologically 
distinct their taxonomic status remains unclear (Campbell et al., 1994), being 
assigned specific status by Sokol (1988b), advocated for synonymy by Austin 
(1996), and classified as subspecies by Campbell et al., (1994). In any case 2 
distinct “morphotypes” are recognised (Campbell et al., 1994; Mitchell and Collins, 
1989) and both are commonly referred to as the yabby. Until the taxonomy of the 
group is clarified fully it is appropriate to continue the species dichotomy 
established by Clark (1936). 
 
C. destructor is the most abundant species of crayfish in Australia (Merrick and 
Lambert, 1991) and has an extensive distribution ranging over 2 million square 
kilometres (Sokol, 1988a). Its distribution encompasses a variety of climatic zones 
from the cool climates of the south, to the arid outback regions of the interior and it 
is the most widespread member of the genus. C. albidus has a more limited 
distribution and is restricted to south-western Victoria and the extreme southeast of 
South Australia (Sokol, 1988a, b), although translocations have occurred (Sokol, 
1988b; Morrissy et al., 1990; Morrissy and Cassells, 1992).  
 
Freshwater crayfish are described as polytrophic omnivores (e.g., Lorman and 
Magnuson, 1978; Momot et al., 1978; Sokol, 1988a; D'Abramo and Robinson, 1989; 
Tacon, 1993b) and detritus has been identified as a significant component in the diet 
of both wild caught and cultured animals (Woodland, 1967; Mason, 1975; Momot et 
al., 1978; Wiernicki, 1984; Goddard, 1988; Growns and Richardson, 1988; McClain 
et al., 1992b; O’Brien, 1995). Recently this classification has been challenged. 
O’Brien (1995) concluded that marron (C. tenuimanus) are most accurately 
described as “microphagic detritivores” with the capacity to be opportunistic 
omnivores.  
 
 
 5
 
Momot (1995) however, proposed that freshwater crayfish are more appropriately 
described as “obligate carnivores” and that the consumption of plant-matter and 
detritus is either a facultative/substitution response to a deficiency in animal protein, 
or a consequential part of the process of searching for animal material. Momot 
concedes however, that crayfish are polytrophic and that plant matter and detritus 
probably provide essential nutrients. According to Momot, crayfish growth and 
production will be low when detritus constitutes the bulk of dietary intake. This may 
be the result of a high population density and/or a low availability of animal protein. 
 
If freshwater crayfish do in fact require a large amount of animal-based protein in 
their diet, as suggested by Momot (1995), the absolute quantity and the best 
source(s) of animal protein for maximum growth and survival remain largely 
unknown. Furthermore, there is considerable uncertainty and debate as to which 
components of the natural diet of freshwater crayfish are nutritionally the most 
important to animals cultured in semi-natural production environments. The 
apparent ability to feed at various trophic levels, suggests that freshwater crayfish 
have the capacity to utilise a wide variety of natural foods. This may permit a range 
of animal and plant-based ingredients, and possibly waste products from agricultural 
and manufacturing industries, to be incorporated effectively into, or used as practical 
diets, on a least cost basis. 
 
Until these aspects are sufficiently clarified, farmers will continue to use a wide 
variety of different feeds and feeding practices and production figures will probably 
continue to be highly variable. The further development of diets and improved 
methods of feed delivery must remain as a high research priority for the industry to 
maintain reasonable growth and to be sustainable in the long term. 
 
In most countries, including Australia, freshwater crayfish are cultured in extensive 
or semi-intensive systems, although an indoor hatchery/nursery phase is sometimes 
used to rear juveniles (Holdich, 1993; Mills et al., 1994; Mitchell et al., 1995). The 
intensive production of moderate to large size crayfish, destined for the table 
market, in troughs, tanks and raceways has been promoted and practised in some 
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regions of Australia. However, no attempt at intensive growout production has 
proven to be economical (Medley et al., 1994), mainly because of technical 
difficulties (Skurdal et al., 1989).  
 
Some freshwater crayfish farmers develop self-perpetuating populations in ponds, 
whereas others periodically stock ponds with young animals (Huner, 1991). Newly 
independent juveniles (hatchlings; 10-40mg.) are often used as seedstock, however 
they are generally considered a higher risk than larger animals due to their 
susceptibility to predation. Stocking with early to late juveniles (0.5-5g.) should 
maximise yields in the minimum time. This practice may well be critical to the 
economic viability of farms located in temperate localities that have a short growth 
season. In such circumstances, it is necessary to translocate yabbies from areas with 
a longer growing season, or to propagate stock in the controlled environment of a 
hatchery or nursery. In either case, maximising early growth while minimising 
mortality by providing a suitable environment and a nutritious diet is essential for 
the successful development of the industry. 
 
Current pond-based feeding strategies vary from the regular/routine addition of 
manufactured pelleted diets, to the infrequent addition of some form of organic or 
inorganic matter (e.g., forage crops, agricultural wastes, fertilisers) to stimulate the 
(natural) in situ production of food. The latter strategy involves minimum 
intervention and management control.  
 
Some Australian freshwater crayfish farmers (particularly those operating the more 
intensive systems) have a high dependence on manufactured pelleted feeds. A 
number of commercial “yabby feeds” are available, yet, some growers prefer to use 
diets designed for other species for reasons of convenience, or perhaps because of 
personal bias. Manufactured pelleted feeds are also routinely used in the commercial 
production of other decapod crustaceans, most notably the marine shrimp, and it is 
likely that pelleted feeds will continue to play an important role in the Australia 
freshwater crayfish industry. One must consider however, that most of the 
freshwater crayfish cultured in America (which is the largest global freshwater 
crayfish producer) are grown in extensive forage-based systems with little or no 
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dependence on pelleted feeds. Only recently have pelleted diets begun to gain 
acceptance by some crawfish producers. Although both pellet and crop-based 
systems appear to be effective, the best production strategy and the economic 
viability of yabby culture remain to be determined. One of my primary objectives of 
the present study was to compare different feeding practices representing different 
levels of management intensity for pond-reared animals. 
 
Despite the importance of the freshwater crayfish industry worldwide, relatively 
little information is available which addresses specifically the nutritional and dietary 
requirements of popularly cultured species (D'Abramo and Robinson, 1989; 
Goddard, 1988; Merrick and Lambert, 1991). Furthermore, there are also 
considerable gaps in our knowledge of other important aspects associated with 
feeding such as the preferred foods, digestion and absorption of nutrients, control of 
feed intake, and metabolic fate of absorbed nutrients by freshwater crayfish (Brown, 
1995b). The three commercially important parastacids of Australia (the yabby, 
marron and redclaw) are all seriously under-represented in the above areas. In the 
absence of sufficient information the formulation of diets for freshwater crayfish is 
in a stage of infancy (D’Abramo and Lovell, 1991). 
 
The incipience of the Australian freshwater crayfish industry and the paucity of 
nutritional data on its representative species, have produced a heavy reliance on 
information gleaned from studies involving other decapods. Published information 
on freshwater crayfish nutrition is based predominantly on northern hemisphere 
cambarids, particularly P. clarkii, and the astacids of Europe, primarily Astacus 
astacus (L.). Results of nutrition studies on the freshwater prawn, M. rosenbergii, 
the marine lobster, Homarus americanus (M.E.), and marine shrimp (mainly species 
of Penaeus) also constitute important components of the information available on 
decapod nutrition. However, fundamental differences in the ecology, natural diet 
and feeding behaviour of the Australian parastacids with most of the species for 
which nutrition data are available, seriously impedes the reliable translation of 
information. There is a strong need for basic and applied research on the food and 
feeding of Australian freshwater crayfish (Kondos, 1990).  
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In many cases, the methods used to evaluate the nutrition of the commercially 
important parastacids of Australia are unsatisfactory. Most of the “nutrition” studies 
conducted, have been incongruous comparisons of alternative diets that are readily 
available and have been conducted in earthen ponds or small outdoor units where 
naturally produced foods formed a significant component of the diet. Furthermore, 
in most cases the diets evaluated were not designed for freshwater crayfish but 
rather were developed specifically for finfish or marine shrimp (or were “best guess” 
modifications of these diets), or were designed for terrestrial animals (e.g., pigs, 
poultry, horses). The often considerable disparity in the nutritional properties of the 
tested diets (e.g., stability in water, protein and lipid content) and the inappropriate 
nature of the experimental design(s), severely limit the “nutritional” conclusions that 
can be drawn from such studies. Also, in numerous studies, diets designed for other 
animals were fed to freshwater crayfish while they were held for experimentation. 
The possible effect of using an inappropriate diet on the parameter(s) in question has 
rarely been considered. 
 
To date, few studies have specifically focussed on the nutritional requirements of 
any parastacid crayfish. Without basic information on dietary needs, it is premature 
to compare diets developed for other species. In the present study, a fundamental 
approach was adopted to at least partially redress the lack of definitive information 
on the nutritional requirements of C. destructor. One of the primary objectives was 
to identify palatable foods that are highly digestible, promote high growth rates, 
high survival, and ensure correct carapace pigmentation, both for pond- and tank-
reared animals. 
 
The juvenile phase of development was selected for study due to the importance 
attributed to this phase (for stocking purposes) and to the likely nutritional 
sensitivity of animals in this stage of growth. Given the existing infrastructure in 
Australia for the manufacture and distribution of compounded pelleted feeds (for 
agriculture), the successful application of pelleted diets in many other areas of 
aquaculture (including crustaceans), and general farmer preparedness to use such 
feeds in freshwater crayfish farms in Australia, the compounded pellet medium was 
chosen as the primary means of nutrient delivery for a substantial component of the 
present study. Furthermore, as protein is usually the major cost-limiting factor in 
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artificial diets used in aquaculture (Goddard, 1988; Shiau and Chou, 1991; Ackefors 
et al., 1992; Ali, 1992) and is one of the most important determinants of growth in 
natural systems (White, 1978), it has been selected as the focus of this study. To 
date, no other studies have specifically examined the protein requirements of 
parastacid crayfish. 
 
The initial selection of protein-based ingredients for evaluation was based 
principally on availability and existing use in aquaculture, particularly with regard to 
other decapod crustaceans. Fish meal and soybean meal are used as primary protein 
ingredients in aquafeeds for numerous species (including crustaceans) and have 
been the focus of considerable research for the past 25 years. Presently in Australia 
they are both reasonably priced and readily available, but as demand for these 
products increases, prices will probably rise. Several studies on other freshwater 
Crustacea (e.g., Brown et al., 1989; Reigh et al., 1993 for P. clarkii; Koshio et al., 
1992b; Tidwell, et al., 1993b for M. rosenbergii) have shown that fish/soybean 
meal-based diets are well utilised and promote reasonable growth rates. 
 
Australia has an abundant supply of protein sources from agriculture (particularly 
grain legumes such as wheat), although in most cases their nutritional quality is low 
(compared with fish meal, Allan, 1995). This resource is largely under-utilised in 
aquaculture. Refined wheat products (flour, starch, bran, and gluten) are frequently 
used to manufacture compounded feeds for other crayfish species. Based on a 
digestibility study involving P. clarkii (Brown et al., 1989), both the carbohydrate 
and protein-based components of wheat appear to be well utilised. As well as 
providing nutrients, wheat products may also be used as binders and stabilisers in 
compounded feeds and if processed correctly may eliminate the need for other more 
expensive binders (e.g., alginate, carboxymethylcellulose, and lignosulphates). Fish 
meal, soybean meal, and wheat products were thus selected as the primary 
components of the compounded diets used in the first phase of this study. Other 
potentially useful (protein-based) ingredients for incorporation into pellets were 
subsequently evaluated. 
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As well as dietary-based studies, refinement of production methods also requires 
some consideration of the relative aquacultural merits of different populations, 
morphs, and species. Indeed, considerable interest exists in the comparative 
economic and biological benefits of culture of the important parastacids of Australia 
(Mills, 1989; Morrissy et al., 1990; Merrick and Lambert, 1991; Holdich, 1993; 
Austin, 1995). To date however, no published information is available that involves 
a comparison of the growth and nutritional performance of Australian species 
simultaneously grown in identical conditions. Before definitive recommendations 
can be made regarding which species has the best culture potential, “side-by-side” 
growth and feed trials need to be conducted. Thus in the present study, a 
simultaneous comparison was conducted of the growth, feed utilisation and 
morphology of C. albidus and C. destructor fed compounded diets in a controlled 
environment. 
 
The current commercial interest in the culture of the yabby (Geddes et al., 1988; 
Geddes and Smallridge, 1993); the present status of the Australian industry; the 
upsurge in world crayfish culture in general; and the escalating problems associated 
with feed availability and feed cost, necessitates that a practical approach be adopted 
for the development of feeds for use in hatcheries, nurseries and growout situations. 
The utilisation of feeds and feeding practices that are appropriate to the growth 
environment, the species cultured, its stage of development, and which consist of 
low cost ingredients, is an essential requirement for developing a cost-effective 
means of growing yabbies. It was intended in the present study to make some 
inroads into the development of sensible practical diets and feeding strategies for the 
commercial production of C. destructor.  
 
A schematic diagram of the 3  principal phases of this study and the 
interrelationships of the major components is provided in Figure 1.1. In the first 
phase a sequential approach to dietary development was adopted and involved a 
series of growth and nutrient utilisation trials. The main objectives of this phase 
were:  
1. to determine the protein requirements of the yabby; 
2. to identify suitable protein-based ingredients to include in practical diets; 
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3. to assess the degree to which animal-based proteins can be replaced by a plant- 
    based protein (soybean meal);  
4. to assess the relative growth and efficiency of feed utilisation of different species 
    (namely C. albidus and C. destructor), and to comment on their relative 
    aquacultural merits; and 
5. to select a reference diet for future comparative studies. 
 
In the second phase of the study, the best developed diets were evaluated for nutrient 
digestibility using standard techniques. Alternative methods for determining nutrient 
digestibility were also an important consideration. The main objectives were: 
1. to develop an effective protocol for evaluating nutrient digestibility in yabbies;  
2. to determine nutrient digestibility for animals held in controlled conditions;  
3. to investigate alternative methods for determining nutrient digestibility; and 
4. to determine if exogenous markers are preferentially defecated by yabbies as 
    appears to be the case for other crayfish, and if so, what is the effect on 
    digestibility estimations. 
 
One of the main objectives of this study was to develop a practical compounded diet 
that could be used in growout situations and to compare its performance with more 
conventional (widely practised) culture techniques employing forage crops as 
primary feed inputs. The third phase of this study involved feeding the best 
developed diet (from the 2 previous phases) to animals cultured in large tanks and 
ponds where natural feeds were also available. The main objectives were: 
 
1. to compare the growth, yield and feed utilisation of yabbies using 3  
    supplementary feeding strategies that represent varying levels of management 
    intensity; and 
2. to make recommendations regarding the potential productive capacity of animals 
    cultured in various earthen-based environments and to comment on the most 
    appropriate methods of feeding.  
Whereas freshwater crayfish possess physiological, behavioural, and morphological 
attributes that confer high culture potential status on some species (Tacon, 1993b; 
Huner and Lindqvist, 1995), the positive features associated with digestive 
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processes are largely unknown, particularly for the Australian parastacids. 
Furthermore, while the digestive morphology of other decapod crustaceans (mainly 
marine species) has received considerable attention, little information is available 
regarding the comparative digestive morphology of C. destructor. Of particular 
interest is the relative size of the foregut and of the hepatopancreas given the 
important role these structures play in feeding and digestion. Therefore, a 
component of the third phase of this study involved a preliminary examination of 
these structures and of the enzymatic response to different diet-types following 
feeding. 
 
The main objectives were: 
1. to conduct some preliminary work on selected aspects associated with the 
    digestive morphology, ingestion and processing of food by pond- and tank-reared 
    animals; and 
2. to determine a simple and effective means of assessing the nutritional condition 
    of animals cultured in ponds apart from the use of growth rate data.  
 
It was intended in this study to increase our present understanding of the nutritional 
requirements of C. destructor and also to examine some of its biological 
characteristics of potential importance to aquaculture. 
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CHAPTER 2 
 
General materials and methods 
 
C. albidus and C. destructor were both used in this study according to availability 
and were obtained from a number of localities. Species distinction was based on 
characteristics associated with the chelae and the cephalothorax after Sokol (1988a) 
and Campbell et al. (1994). Intermediate-type stock animals, the result of 
hybridisation between the 2 species, were also used in some trials when “pure lines” 
were unavailable. Due reference is made in the methods section of the trials in 
which the intermediary forms were used. For the sake of simplicity however, 
intermediary forms are referred to as C. destructor in the bulk of the text. Yabbies 
conforming to the true albidus-type are designated as C. albidus. 
 
Depending on the nature of the investigation animals were housed in 1 of 4 different 
culture systems. Each system varied in a number of factors such as size, location, 
experimental protocol, and animal density. A description of the systems used and the 
experimental procedures common to all trials is provided. Specific procedural 
details relevant to each trial are given in the appropriate chapters. 
 
2.1 Growth and feed utilisation in 3 culture systems 
2.1.1 Culture system I: Aquaria (Aq)  
An aquarium system was used in all trials that required the delivery of a well 
defined diet to individuals or small groups of animals. The system was located in a 
controlled environment and the description below follows Jones et al. (1993) (also 
refer to Figure 2.1). 
 
The racks 
Steel storage units which were hot dipped galvanised to extend their life were used 
as support structures for tanks, water delivery lines and drainage lines. The units 
were 2.4m x 0.9m x 0.45m (h x w x d) and were arranged in pairs. Two such units 
were arranged to provide 7 rows of shelves into which 12 tanks were fitted, making 
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a single bank of 84 tanks (1 extra tank was added to the top row for 1 trial). The 
entire system was bolted together to make 1 rigid frame. 
 
The water supply 
Water supply was a 50:50 mixture of city supply (sodium thiosulphate treated, 
0.15mg l-1, to eliminate residual chloramines) and bore water which was obtained in 
a preheated state from a stainless steel header tank. Each aquarium was fed with 
water from an overhead microspray jet. An 18mm polythene pipe delivered water to 
each group of 12 tanks. A tap at each end permitted the isolation of each row of 
tanks from the main supply. Water was drawn with a centrifugal pump from a sump 
containing a submerged biofilter. The outlet was fitted with a bypass valve to return 
excess water to the biofilter. 
   
The air supply 
Most of the aquarium aeration was achieved during water delivery via the 
microspray jets, however the biofilter and the sump were also aerated using 
airstones connected to the main air supply of the hatchery (delivered from a 2.2kW 
Siemens regenerative blower, Germany). Biological loads were always low, 
consequently dissolved oxygen readings were consistently high. 
 
The drainage collection 
A 25mm PVC pipe was fitted along the front of each row of tanks. The gradient was 
sufficient to ensure that backup of water did not occur even at high flow rates. Large 
holes were drilled in the top of each pipe to receive the individual aquaria standpipe 
outlets. Groups of 3 pipes fed into a single downpipe which led into a dispersal pipe 
for effective spread of effluent across the entire surface of the biofilter.  
 
Individual aquaria 
Recycled 25 l polyethylene carboys were used as the basis for individual aquaria. 
About 60mm was cut off the side of the carbouys nearest the cap. The handle was 
cut at one end to leave a straight section with a length equivalent to the depth of the 
tank. A 10mm hole was drilled in the intact end of the handle and a length 
(approximately 180mm) of polyethylene tubing (internal diameter 6mm) was 
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inserted to form a standpipe. The tank handle served as an external manifold and 
enabled water to be drawn from the bottom of each tank. The surface influent and 
bottom effluent system ensured efficient and rapid mixing of water. Consequently, 
water stratification and “dead pockets” were minimised. Tank water levels could be 
easily changed by altering the depth of insertion of the standpipe into the tank 
handle. Individual tank dimensions were approximately 38cm x 28cm x 20cm (l x w 
x h). Tank water volume was approximately 10-12 l depending on the trial. 
 
Biofiltration 
Water was drawn with a centrifugal pump from a 200 l sump that contained a 
submerged downflow biofilter of dimensions 63cm x 35cm x 63cm (l x w x h). The 
biofilter had a total volume of 80 l and contained a 95:5 mixture of 6mm crushed 
bluestone and larger coarse limestone and a 100mm base layer of 25mm crushed 
basalt into which an air supply was embedded. A dacron filter cloth (Tontine 
Micromat, TM 100, Melbourne) was placed on the surface of the biofilter to trap 
suspended organic matter. Return water from the tank effluent lines was dispersed 
over the top of the filter via a series of 2mm holes. The outlet of the sump was fitted 
with a bypass valve to return excess water to the biofilter. 
 
General system protocol and performance 
Individual aquaria were serviced at least once per day in accordance with the 
experimental protocol. Specific details can be found in the Materials and Methods 
section of the appropriate chapters, however each trial was similar in a number of 
respects which are described further below. 
 
Animals were usually fed once per day at approximately  1900 h. Excess food, 
faeces, and exuviae were siphoned from each tank at approximately  0700 h. 
Approximately 10% of the water was removed during siphoning and subsequently 
replaced. Effluent water was tested periodically for total hardness, calcium and 
magnesium (APHA, 1989). Total ammonia was measured in the early trials using an 
ammonia selective electrode (Orion, model 95-12), however in later trials an 
Aquamerk test kit (No. 1.08024, Merk, Darmstadt, Germany) was used. Un-ionised 
ammonia was determined using the tables provided by Piper et al. (1982). An Orion 
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probe (model 81-55/81-56) was used to measure pH. A Hach unit (model DREL2) 
was used to measure nitrate by cadmium reduction, nitrite by diazotisation, and total 
chlorine using the diethyl phenylenediamine (DPD) colorimetric method. Flow rates 
were determined each week in 10 randomly selected tanks. Dissolved oxygen (DO) 
was recorded using a YSI model 57 DO meter. Maximum and minimum 
temperatures were recorded on most days. Flow rates were sufficient to ensure that 
the temperature at no time varied by more than 0.5°C among aquaria in the system. 
Water temperature was usually maintained between 20 and 28°C by a gas-fired wall-
panel central heating unit. Several hot summer days during 1 trial produced water 
temperatures of 31°C. Total phosphorus was measured by the ascorbic acid method 
(APHA, 1989) prior to beginning the first trial. Overhead lighting was provided by 
banks of cool white fluorescent tubes on a 14:10 hour light:dark cycle. 
 
Consistently good water quality was achieved throughout the course of experiments 
using above system. The concentration of dissolved oxygen always greatly exceeded 
the critical concentration of 2.67mg l-1 (Ingerson and Geddes, 1995). Unionised 
ammonia concentrations were always lower than the safe level of 0.05mg l-1 
recommended by Lourey and Mitchell (1995). Nitrate and nitrite were maintained at 
very low levels during all experiments. The relatively high total hardness resulted 
from very "hard" ground water in the available mixture. Mean values typically 
exceeded the recommended maximum of 200-300 mg l-1 (as CaCO3) (Mitchell and 
Collins, 1989), consequently some degree of reduction in growth rates may have 
occurred. Likewise, the mean pH values typically exceeded the recommended 
optimum of 7.5 (Mitchell and Collins, 1989). Calcium levels were consistently high 
during the experiments and greatly exceeded the minimum level of 9mg l-1 
recommended by Kowarsky et al. (1986). 
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Crayfish were placed into tanks on an individual or a communal basis, (up to 4 
juveniles), from stock populations derived from 1 or more females that were mated 
according to previously described methods (Mitchell and Collins, 1989). The stock 
animals were held in 1,000 l plastic troughs (RELN Plastics Pty. Ltd, Melbourne), 
rectangular in shape with rounded ends, that were located in the same room as the 
aquarium system. Newly-independent hatchlings were fed a mixture of live and/or 
frozen zooplankton (Daphnia sp., Boeckella sp., Calamoecia sp. and Artemia salina) 
for 5-8 weeks prior to stocking into the aquarium system. Animals were acclimated 
to a pelleted diet for 1 week prior to the beginning of each trial using small 
quantities of a commercial pellet (Aqua-feed, Deception Bay, Qld. Aust.; 16% 
protein or 30% protein, Milling Industry Stockfeeds, Murray Bridge SA; 25% 
protein) after which a complete transition was made to feeding on 1 of the 
experimental diets. Dead animals were replaced with similarly sized and acclimated 
animals from the stock population during the first week. The growth and feeding 
parameters that were evaluated varied depending on the nature of the trial. In all 
cases however, crayfish growth was monitored by weighing at 2 weekly intervals to 
the nearest 0.01g using an electronic top loading balance (Mettler, PJ303). Prior to 
weighing, animals were allowed to crawl briefly on absorbent cotton fabric. In trials 
where food consumption was evaluated, total consumption of each diet-type was 
determined at 2 weekly intervals. 
 
In an attempt to reduce the incidence of cannibalism various strategies were 
adopted. Crayfish were provided with coarse-mesh plastic and PVC pipe refuges or 
animals were isolated during the moulting period. Yabbies in the first trial had the 
dactylus of each chela cut off with a pair of scissors (i.e. they were dactylotomised) 
after each successive moult, and in subsequent trials they were housed individually 
in compartments of the aquaria or alone in the aquaria. 
 
2.1.2 Culture system II: Pond microcosms (PM) 
Intermediate-type animals obtained from the resident Deakin University population 
were used to stock each of the experiments conducted in the pond microcosms.  
The culture system was based on sixteen 1,000 l plastic RELN troughs that were 
located in a polyethylene hothouse that was covered with 70% shadecloth to prevent 
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high water temperatures from occurring during the summer period. Each tank 
contained a 5cm scoria base, followed by 2cm of crushed quartz, then about 13cm of 
topsoil. Between trials the top 3-5cm of soil was removed and replaced with about 
10cm of fresh loose topsoil. The total soil surface area was 2m2 per tank. Tanks 
were filled with 550 l of a 50:50 mixture of tap (sodium thiosulphate treated, 0.15mg 
l-1, to eliminate residual chloramines) and bore water at the beginning of each trial, 
and subsequent additions were made to replace water lost due to evaporation. The 
perennial clover, Trifolium repens, was grown in several of the tanks for about 8 
weeks prior to being inundated with water. Crayfish were stocked several days after 
flooding. Each tank was aerated with a single airstone connected to the main air 
supply of the aquaculture complex. Ten pairs of “blind ended” PVC pipes (80mm 
long x 18-23mm diameter) and 2 blocks of 6 plastic seedling tubes (individual tubes 
were 50mm wide x 50mm high x 120mm long) were provided as refuges in each 
tank. The hides were used to trap animals for monitoring growth, which was 
conducted at 2 weekly intervals. Tanks were also sampled using fine mesh, baited 
drop nets. Temperature and dissolved oxygen (DO) were measured at random times 
during the day at 2-4 day intervals using a YSI Model 57 DO meter. Pelleted food 
was added to the appropriate tanks once or twice each day, 7 days a week. Feed 
inputs were adjusted according to mean fortnightly weights. At the completion of 
each trial the tanks were drained to determine survival and harvest biomass.  
 
2.1.3 Culture system III: Earthen production ponds (PP) 
Five earthen ponds were used as experimental units for a full scale production trial. 
The ponds have a “V-shaped” bottom profile and are approximately 1,000m2 (50m 
long x 20m wide) when full. A sump was incorporated into the deep end for 
harvesting purposes and for waste accumulation. No supplementary aeration was 
applied. The long axis of each pond was parallel to the prevailing wind direction. 
Bore water was used to supply water to the ponds at all stages of the production 
cycle. Pond preparation prior to stocking followed protocol of Chavez and Mitchell 
(1995) and consisted of drying the ponds until the topsoil began to crack and then 
hoeing to a depth of 15cm to aerate the soil and to incorporate organic matter from 
the surface. Ponds into which a crop was to be sown were limed with commercial 
agricultural lime at a rate of 500kg ha-1 and fertilised at a rate of 150kg ha-1 with 
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superphosphate potash plus molybdenum. DO and temperature were recorded using 
a data logger (CSIRO/ YEOKAL 606) that was located permanently in each pond 
for a 24 h rotating period (i.e. once every 5 days). The C. destructor juveniles used 
to stock the ponds were obtained from Aquafarms Pty. Ltd. (Moama, NSW). 
Stocking was conducted at night. Two ponds were sown with T. repens at the rate of 
4kg ha-1. The clover was grown for about 8 weeks prior to the first flood, with 
regular watering. Clover was not sown in 3  ponds, of which 2 were used for testing 
a manufactured pelleted diet, while the third was the control pond where naturally 
produced organic material was the only food source. Sampling of yabbies was done 
at various times by way of refuge samplers and drop nets containing shielded baits. 
Refuges were made from blocks of 20 plastic seedling tubes (50mm x 50mm x 
120mm) to which a float was attached. Feeding was conducted 2 or 3 times each 
day, 7 days a week. Food levels were monitored using feed trays (1m x 1m metal 
frame covered with shadecloth) placed about 2-3m from the pond edge. At the 
completion of the trial all ponds were drain harvested to determine survival and 
biomass. 
 
The results reported in the present study represent one component of a pond trial 
conducted in 1994. This trial incorporated 2 components that focussed on different, 
but complementary aspects associated with the pond production of yabbies. The 
present component primarily involved an evaluation of the effect of dry matter and 
protein inputs, from a manufactured pelleted diet and a forage crop, on yabby 
growth, yield and nutrient utilisation. The other component (conducted by J. R. 
Chavez) focussed on the effect of nutrient inputs (from crop, pellets and soil) on 
pond dynamics. Most data were collected independently in the 2 studies, however 
some were shared but analysed from a different perspective. Consequently, a small 
degree of data overlap occurred in the 2 studies and due reference is made in the 
appropriate methods section (Chapter 8 of the present study) as to the origin of the 
shared data. 
 
2.1.4 Faecal collection system  
A system was designed to enable the collection of faeces from a large number of 
animals feeding on a particular diet and is described in detail in Chapter 7. 
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2.2 Diet formulation and preparation 
Most of the trials conducted during the course of this study involved the use of 
pelleted diets that were based on readily available ingredients. All experimental 
diets except the ones used in the pond based study, were formulated and produced 
on site. The diets used in the pond production trial were manufactured by Barastoc 
Stockfeeds Pty. Ltd. (Pakenham, Victoria) according to specifications supplied on 
the basis of experimental results obtained in the present study. In a number of trials, 
growth performance was monitored in animals that were fed more natural feeds such 
as zooplankton and plant-based organic matter. Specific details regarding 
formulations, ingredient sources and proximate compositions can be found in the 
appropriate chapters. 
 
Pellet preparation 
Dry ingredients were finely ground and thoroughly mixed using a Kenwood Food 
Processor (Kenwood Appliances Pty. Ltd., Melbourne, Australia). The lipid and 
water components were added during a 20 minute mixing period until the 
consistency of a soft dough was achieved. The dough was pelleted into spaghetti-
like strands using a Kenwood Meat Mincer attachment modified with a 2.5mm die. 
The strands were placed onto trays and dried overnight at 35-45°C in an incubator 
(1A24S Qualitex, Watson Victor Ltd., Australia). The pellets were then broken into 
smaller pieces (5-10mm long), sifted to remove fines, and then dried at 30°C for 
another 6-8 h. Pellets were stored in a freezer at -15°C until required.  
 
2.3 Analytical procedures 
2.3.1 Diets 
The proximate composition of most of the dry ingredients was determined prior to 
the formulation of all the pelleted test diets. A complete proximate analysis was 
performed on most of the experimental diets, however it was appropriate to assess 
some in a limited number of parameters. 
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Moisture was determined by oven drying at 100°C for 16-20 h, crude protein by 
Kjeldahl nitrogen x 6.25 (APHA, 1989), crude lipid by soxhlet ether extraction 
(Faichney and White, 1983), ash by burning at 550°C for 4 h in a muffle furnace 
(Faichney and White, 1983), crude fibre by acid/alkali digestion (Cockerel et al., 
1975), and energy by burning in a Gallenkamp bomb calorimeter (Leicestershire, 
England). Carbohydrate content (nitrogen-free extract; NFE) was determined by 
difference: 
NFE = 100 - (%protein + %lipid + %fibre + %ash). 
 
Chromium was determined by atomic absorption spectrophotometry (Arthur, 1970). 
Close agreement between replicate samples indicated an effective and homogeneous 
process of diet preparation. 
 
Pellet stability was evaluated using a modification of the technique of Balazs et al. 
(1973). Approximately 5g of pellets (wet weight) were added to dry, tared wire 
baskets (4cm x 4cm x 5cm; 1.3mm flyscreen) and suspended randomly in tanks in 
the aquaria system with water flowing at a rate of 300ml min-1 (1.5-1.8 tank 
exchanges h-1). Each pellet-type was replicated in triplicate for 1, 2, 4, and 8 h 
exposures. After retrieval the baskets containing pellets were dried at 100°C for 12-
16 h and reweighed. 
Dry matter retention (DMR) was determined according to the following equation, 
 
                 Wo x (1-M) - Wt   
DMR =     ---------------------     X100% 
                    Wo x (1-M) 
where, 
Wt = dry weight (g) after immersion, 
Wo = pellet weight (g) before immersion (i.e. as fed), 
M = moisture content of pellets (%) / 100. 
 
 
 
 
2.3.2 Faeces 
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Faeces were analysed, according to the experimental design, for crude protein, ash, 
crude fibre, and chromium using the analytical methods described above. Some 
samples were also analysed for hydrolysis resistant ash (HRA, De Silva, 1985), and 
hydrolysis resistant organic matter (HROM, Buddington, 1980). 
 
2.3.3 Animals 
At the termination of a number of experiments animals were fasted for 24-36 h to 
allow residual food and faeces to pass through the digestive tract. After being 
anaesthetised on ice, the animals maintained on particular diets were individually 
freeze-dried for 72 h to determine moisture content. Carcasses were pooled within 
treatments, then ground to a fine powder and analysed for their proximate 
composition (ash, energy, fibre, lipid, NFE, protein) by the methods previously 
described above. 
 
Yabbies were measured for several morphological features (external: tail size, 
carapace length and propus length; internal: foregut volume and hepatopancreas 
size) during and/or at the completion of several trials. Stomach samples were also 
obtained from tank- and pond-reared animals. The methods used are described in the 
appropriate sections. 
 
2.4 Statistical procedures 
Tanks were randomly allocated to treatments using the Systat Design Module 
(Dallal, 1988). Specific details relevant to each trial can be found in the appropriate 
chapters. 
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 Figure 2.1 
 Culture System I: The Aquarium System 
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CHAPTER 3 
 
Aquaria trial I (Aq:I) 
Effects of dietary protein content and replacement of animal  
protein by soybean meal on growth and carcass composition. 
 
3.1 Introduction 
 
Developing cost-effective diets is a requirement for the successful management of 
all animal production systems. Manufactured feeds are frequently a major 
component of the cost of culturing crustaceans (New, 1976a, 1976b; Akiyama, 1988 
; Tacon, 1993a) and can contribute from 20-55% of the total operating costs (Sheen 
and D'Abramo, 1991; Sarac et al., 1993), depending on the species and the method 
of production. Feed cost for yabbies grown semi-intensively in earthen ponds has 
been estimated to be only 16% of production costs (Staniford and Kuznecovs, 1988), 
however the economic model developed was based on low protein lucerne pellets 
fed at irregular intervals. Intensification of production methods is likely to result in 
higher feed costs. 
 
The most appropriate level and source of protein to include in formulated diets is of 
particular concern. In most commercial crustacean diets the protein component is 
derived from animal meals such as fish, prawn, mussel, squid and meat meal, and to 
a lesser extent from readily available plant products. The protein fraction is typically 
the most expensive component of such diets (Huner and Meyers, 1979; De Silva et 
al., 1989; Ackefors et al., 1992; Freeman et al., 1992; Tidwell et al., 1993a). 
 
No published information exists which critically evaluates the protein requirement 
of the yabby, nor sufficiently identifies which low cost ingredients contain the most 
biologically useful source of protein. Research conducted on other freshwater 
crayfish suggest that protein optima range between 25% and 35% ( New, 1976a, 
1976b, D'Abramo and Robinson, 1989; New, 1990; Reigh et al., 1993), and that at 
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least 15-20% of the diet should be of animal origin (Huner and Meyers, 1979; 
D'Abramo and Robinson, 1989).  
 
Since the early 1970s, the fish meal component of finfish and crustacean diets has 
been the primary focus of many studies (e.g., Akiyama, 1988; De Silva et al., 1988; 
Dean et al., 1992; FRDC, 1993). The escalating global demand for fish meal 
products (Lee and Wickins, 1992; Chamberlain, 1993; Tacon, 1993a) will intensify 
the need for research to identify suitable alternatives. The search for economically 
viable feeds of non-marine origin must remain a high research priority to ensure the 
development of sustainable and profitable aquacultural industries. Soybean meal has 
been identified as a useful alternative to fish meal in diets for numerous species of 
fish and Crustacea (e.g., Akiyama, 1988; Lim and Akiyama, 1992; Reigh and Ellis, 
1992). In Australia, it is a readily available, cheap and reasonably nutritious 
agricultural product and has been selected as the basis of the present study. 
 
Manufactured aquatic feeds that are highly stable in water are generally considered 
to be essential to the development of efficient production methods (Chen and Jenn, 
1992; Flores and Martinez, 1993; Cuzon et al., 1994). In particular, feeding benthic 
decapods with manufactured diets poses particular problems due to their relatively 
slow feeding response (Meyers, 1980), and to the degree of manipulation and 
mastication involved with locating and consuming fragmentable foods (Heinen, 
1981; Farmanfarmaian et al. 1982). Several processing techniques and methods of 
binding aquatic feeds have been developed and are dealt with in detail elsewhere 
(e.g., Forster, 1972; New, 1976a; Hilton et al., 1981; Flores and Martinez, 1993). 
Numerous methods have been used to establish the effectiveness of the pellet 
making process and include, estimation of the leaching rate (dry matter retention) in 
static (e.g., Lim and Destajo, 1979; Chen and Jenn, 1992) and circulating water 
(e.g., Flores and Martinez, 1993; Davis and Arnold, 1994), resistance to abrasion out 
of water (e.g., Sebestyen, 1973; Hilton et al., 1981), to disintegration in moving 
water (e.g., Goldblatt et al., 1980; Heinen, 1981), and wetability and firmness 
estimations after submergence (e.g., Goswami and Goswami, 1979; Stanley and 
Moore, 1983). Several workers have also assessed the chemical integrity in water of 
pelleted crustacean feeds (e.g., Goldblatt et al., 1980; Reigh et al., 1990; Lim, 
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1993). Stability of manufactured feeds must be considered and evaluated during 
their development. To date, this aspect has been neglected in most nutrition studies 
of yabbies. 
 
In the present study some key areas in the development of practical diets for C. 
destructor are addressed. The primary aim of the work presented here was to 
determine the dietary protein requirement, and to evaluate the degree to which 
soybean meal could be used as a fish meal substitute. The results of this study are 
based on 16 practical diets in which fish meal, defatted soybean meal and wheat by-
products were incorporated as protein sources. Data on growth, survival, carcass 
composition, and pellet stability in water are provided. The best developed diet was 
used in the trial described in the following Chapter to evaluate other potentially 
useful (protein-based) ingredients for incorporation into pellets. 
 
3.2 Materials and methods 
 
3.2.1 Culture procedures 
This trial was conducted from September-November 1991 (59 days). Newly-
independent hatchlings were obtained from 4 female yabbies mated according to 
previously described methods (Chapter 2). The broodstock used were intermediate-
type stock obtained from the resident population at Deakin University. Hatchlings 
were fed a diet of live zooplankton, (Daphnia sp. and Boeckella sp.) twice each day 
for about 7 weeks. One week prior to stocking in the aquarium system small 
quantities of a commercial pellet (Milling Industry Stockfeeds, Murray Bridge SA; 
25% protein) were also provided before the complete transition to feeding 1 of the 
test diets was accomplished. 
Four yabbies (mean weight ±se, 0.61g ± 0.01; stocking density = 38 animals m-2) 
were placed in each of 5 replicate tanks for every dietary treatment and reared for 59 
days. Tanks were randomly allocated to treatments using the Systat Design Module 
(Dallal, 1988). 
Water quality parameters were monitored as previously described (Chapter 2) and 
are provided in Table 3.1. 
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Animals were fed to excess once per day at 1900 h. Faeces, exuviae, and the 
remaining food were siphoned from each tank at 0700 h. 
A coarse-mesh plastic refuge (20cm x 20cm) was added to each tank. Pilot work 
indicated that survival is enhanced by removing the dactylus of each chela before 
the carapace has totally recalcified after each ecdysis. Consequently in this trial the 
dactylus of both chela was removed after each successive moult. 
A 4 x 4 factorial design (Snedecor and Cochran, 1989) was used to evaluate the 
performance of the 16 practical diets consisting of different levels of protein and 
soybean meal. 
 
3.2.2 Diet formulation and dietary treatments 
The primary sources of the dietary protein were derived from a combination of 
ingredients: fish meal (Metropolitan Produce, Pty. Ltd., Werribee, Australia), 
hexane extracted soybean meal, and refined wheat products. At each protein level 
(15, 20, 25, and 30%) a portion of the fish meal was replaced successively with 
soybean meal to produce 4  substitution levels in which 0, 20, 40, or 60% of the 
protein was of soybean meal origin. Diets without soybean meal served as controls. 
Codes (PxSy) are used to designate different diets; where x is the relative quantity 
of protein (P), and y is the soybean (S) substitution level. All diets were formulated 
to be isoenergetic by varying the quantity of wheat starch, flour and bran. The total 
lipid content was adjusted to 5% with equal portions of cod liver oil and corn oil. 
Chromic oxide (Cr2O3) was incorporated into all test diets (at a level of 1%) as an 
external marker for digestibility estimations (De Silva, 1989), the results of which 
are presented in Chapter 7. Diet preparation and the methods of analysis were 
described in Chapter 2. The ingredient composition of the 16 experimental diets is 
provided in Tables 3.2 and 3.3. 
 
3.2.3 Sample collection and analysis 
All animals were weighed individually to the nearest 0.01g on day 17 and at 14 day 
intervals thereafter. The initial size distribution and sex of animals in each tank 
enabled the identification of individuals at each successive weighing. Dead animals 
were replaced with similar sized animals during the first week. At the termination of 
the experiment the animals were not fed for 24-36 h and freeze-dried individually 
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for 72 h to determine moisture content. Carcasses were then pooled within 
treatments and ground to a fine powder. Their proximate composition was 
determined according to previously described methods (Chapter 2).  
 
Percentage weight gain (%WG) and specific growth rate (SGR, %) were determined 
according to, 
%WG = (final wt - initial wt) x 100 / initial wt  
SGR (%) = (Ln wt time t - Ln wt time 0) x 100 / time; (Chiu, Y. N., 1989). 
 
3.2.4 Statistical procedures 
A significant correlation occured between the treatment mean percentage weight 
gains (%WG) and their variances (R2 = 0.78, P<0.10). Bartlett's test for homogeneity 
of group variance (Sokal and Rohlf, 1981) also indicated the occurrence of 
inequality of variances among treatments. Transformation to logarithms restored 
homogeneity prior to analysis (Ott, 1988). To test the effect of protein and soybean 
meal quantity and their interaction on growth , a nested (random effect = tank), two-
way analysis of variance (ANOVA) was conducted (where individual animals were 
treated as replicates), using the MGLH module in SYSTAT (Wilkinson 1990). A 
two-way ANOVA was also used to test the effect of diet on carcass composition. 
When significant differences were indicated (P<0.05), post-hoc pairwise 
comparisons (Day and Quinn, 1989) were performed to identify which means were 
significantly different. 
 
3.3 Results 
 
3.3.1 Water quality 
Good water quality was maintained throughout the course of this experiment. 
Dissolved oxygen was always >2.5mg l-1 and unionised ammonia concentrations 
were always <0.05mg l-1 as recommended by Mitchell and Collins (1989) and 
Lourey and Mitchell (1995) respectively. Nitrate and nitrite were maintained at very 
low levels for the duration of the experiment. The relatively high total hardness 
resulted from very "hard" ground water in the supply. The mean value of 340mg l-1 
(as CaCO3) was slightly above the maximum suggested by Mitchell and Collins 
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(1989) and the growth rate may have been affected. Likewise, the mean pH of 8.17 
was also above the recommended optimum of 7.5. Calcium levels were consistently 
high during the experiment and greatly exceeded the minimum level of 9mg l-1 
recommended by Kowarsky et al. (1986). 
 
3.3.2 Pellet stability 
Data for pellet stability are provided in Figure 3.1. All the experimental diets were 
reasonably stable in water. For all pellet types, between 82.1 and 88.6% of the dry 
matter was retained after 8 h of submergence. The mean dry matter retention (DMR) 
after 8 h for 15, 20, 25, and 30% protein diets, was 88.4, 86.3, 85.6, and 83.6% 
respectively. As the quantity of soybean meal in the diets increased within each 
protein level, the DMR decreased. This effect was most pronounced in the high 
protein diets due to successively greater amounts of soybean meal relative to the 
lower protein formulations. After 8 h in water the maximum difference in DMR 
within 15% and 30% protein diets was 1.8% and 2.8% respectively. In the soybean 
meal treatments, DMR decreased as protein levels increased. The combined effect of 
increasing the soybean meal and fish meal components while decreasing the wheat 
flour portion was to reduce pellet stability. This effect was most obvious for the high 
soybean meal substitutions. The maximum difference in DMR for pellets without 
soybean meal was 4.95%, whereas at a 60% substitution level it was 6.06%. 
Between 48.6 and 70.4% of the dry matter lost after 8 h submergence occurred 
during the first hour. 
 
3.3.3 Survival 
Survival within each dietary treatment was quite low (Table 3.4). The lowest 
survival occured for diets P15S20, P20S20 and P30S40 where only 65% of the original 
animals were still alive after 59 days. The highest survival of 85% occurred for diets 
P20S40 and P25S60.  
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The mean daily density of yabbies was quite similar among the different dietary 
treatments. The lowest overall density of 28.9 animals m-2 occurred for diet P15S20 
treatments while the highest value of 34.5 animals m-2 occured for diet P25S60 
treatment. The generally close agreement among treatments probably negates 
density as a primary causative agent for the observed differences in growth. 
 
3.3.4 Growth response  
Growth data are provided in Table 3.4 and Figures 3.2 and 3.3. Within each protein 
level the growth response was very similar up to about day 31. After this period 
differences became obvious. Animals maintained on the P15 diets grew significantly 
slower than animals in all other treatments, while those fed the P30 diets attained the 
highest weights. Overall growth (as %WG) ranged from 175.8% (P15S60) to 692.5% 
(P30S40). 
 
One effect of increasing dietary protein was to increase the %WG, however the 
response was dependent on the soybean meal substitution level. Incremental 
increases of 5% protein in the diet, produced a significant improvement when 
soybean meal contributed from 40 to 60% of the total protein. This effect was less 
pronounced in the control diets and the S20 series. Elevated protein levels increased 
the %WG in the controls, however the P20/P25 and P25/P30 combinations were not 
significantly different. In the S20 treatment, P20, P25 and P30 diets were not 
significantly different from one another. 
 
Percentage weight gain and specific growth rate were significantly lower (P<0.05) 
for the S40 and the S60 diets than the respective controls at P15 and P20, however 
this effect was not apparent at P25 and P30 (Table 3.4, Figure 3.3). The %WG and 
SGR of individuals fed the S20 diets were not significantly different from those fed 
the control diets at all protein levels. Similar outcomes were obtained using %WG 
or SGR as a measure of growth performance (Table 3.4). The only disparity was in 
the comparison of the S40 and S60 diets at 30% protein.  
 
A significant interaction occurred between dietary protein content and soybean 
substitution level for both %WG and SGR analyses. Higher protein diets permitted 
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higher soybean substitution levels without significantly affecting %WG or SGR. At 
P15 and P20 the level of soybean meal was more critical.  
The mean coefficient of variation for animal weight at day 59 was 51.2%. Values for 
individual treatments ranged from 36% (P15S20) to 72.4% (P25S20). 
 
3.3.5 Moulting 
The mean number of moults per tank (MM) observed in each dietary treatment was 
highly correlated with %WG/day (Pearson correlation coefficient = 0.84) and is 
described by the equation: 
MM = 0.43 x %WG/day + 4.10 (R2 = 0.70). 
 
An increase in moulting frequency resulted in improved growth performance. 
Yabbies fed the 15, 20, 25, and 30% protein diets collectively moulted 108, 143, 
149, and 192 times respectively, during the trial. A maximum mean value of 9 
moults per tank was observed for animals fed diet P30S20, while only 4.6 moults per 
tank were recorded for animals fed diet P15S60. The effect of increasing the dietary 
soybean meal content on the moulting frequency was not obvious within each 
protein level. Moult increments may also have changed but were not evaluated.  
 
3.3.6 Carcass analysis 
The mean carcass moisture content varied by a maximum of 4.6% between diets 
P20S20 and P30S0, ash by 2.96% between diets P20S0 and P20S20, and energy by 
2.14kJ g-1 between diets P15S0 and P20S60 (Table 3.5). No obvious trend was 
observed among treatments for these 3  parameters. The original stock animals had a 
2.52-5.47% higher mean ash content, and a 1.92-4.06% lower energy value 
compared with animals grown for 59 d on the various diets. 
 
 
 
 
The most striking effect of diet-type on carcass composition was in the crude protein 
and lipid content (Table 3.5). Increasing the soybean substitution level to 60% at 
P15, P20, P25, and P30, resulted in an increase in the carcass protein above the 
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control diets, by 3.03, 2.32, 1.70, and 3.16% respectively. Conversely, the lipid 
content decreased by 1.61, 3.27, 3.18, and 2.55%. An increase in dietary protein 
content was associated with an increase in protein deposition and a reduction in lipid 
deposition, and on an ash-free dry weight basis is described by the equation: 
%Protein = 85.43 - 1.47 x %Lipid  (R2 = 0.56).  
A comparison of the stock animals with those fed the various diets, revealed that as 
the animals grew, relative body protein decreased while the lipid content increased 
(Table 3.5). 
 
3.4 Discussion  
The results of this trial have indicated that the growth response of juvenile yabbies 
was highly dependent on the dietary protein content and on the absolute quantity of 
the various protein-based ingredients evaluated. They have also illustrated the 
problems that can occur in nutrition-based studies by rearing animals communally. 
 
Various methods of removing or inactivating chelae have been used to successfully 
increase the survival and growth performance of other crustaceans held in a 
communal environment (e.g., Aiken and Waddy, 1978; Aiken and Young-Lai, 1981; 
Karplus et al., 1989, 1992a). However, in the present study dactyl removal was 
ineffective in preventing aggressive encounters that resulted in death. Almost all the 
mortalities were caused by larger, apparently dominant animals, when a smaller 
victim was moulting, or had recently moulted but still contained a soft exoskeleton. 
The aggressor on such occasions was observed to use the tip of the propus to 
puncture the carapace. A number of animals were partly eaten before being 
discovered and removed from the tank. The gut content accessible from the ventral 
posterior margin of the cephalothorax was frequently consumed first. The 
cannibalism observed here may have biased the results to some extent, although this 
was not quantified. 
 
The large coefficients of variation recorded for the diets used in this study may have 
been caused by a number of factors. For example, the mixed parental origin of the 
stock animals may have resulted in considerable genetic diversity with respect to 
growth as has been reported in other similar crayfish (e.g., Gu, et al., 1995 for C. 
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quadricarinatus) and the rearing of animals, both males and females, in a communal 
environment may have introduced behaviour mediated effects. To reduce the 
variability in growth response and effectively increase the power of the experimental 
design, the use of single-sex sibling animals, grown in individual compartments that 
are large enough to avoid any restriction on growth, might be the best approach. 
Such methods have been recommended for other crayfish (Aiken and Waddy, 1978; 
D'Abramo et al., 1988).   
 
Critical nutrient losses in artificial feeds are typically greatest immediately after 
their addition to water. The diets used here were no exception. The rate of dry matter 
loss in all the feeds was highest during their first hour of immersion. Only small 
losses occurred after about 2 h submergence in water and the response was similar 
for all the diets (refer to Figure 3.1). Similar results have been reported for other 
crustacean feeds (e.g., Balazs et al., 1973; Bordner et al., 1986; Cuzon et al., 1982; 
Lim and Dominy, 1990; Sarac et al., 1993). It is difficult to interpret precisely the 
pellet stability results due to the fact that the inclusion level of several ingredients 
varied simultaneously among diets. Nevertheless, the main constituents that 
appeared to determine the different response recorded in this study, were the 
soybean meal and wheat flour components. Soybean meal has been reported 
previously to increase the rate of nutrient leaching in pelleted diets (Balazs et al., 
1973; Lim and Dominy, 1990; Lim and Akiyama, 1992). Similar to the results of the 
present study, Lim and Dominy (1990) found an inverse relationship between dry 
matter loss and the level of dietary soybean meal. A significant reduction in stability 
occurred in pellets that contained more than 42% soybean meal, and was attributed 
to the high structural carbohydrate content and low starch level of this ingredient. In 
the present study only a 1.5% reduction in DMR occurred after 8 h of submergence, 
by increasing the soybean meal content (as dry matter) to 36.3% in diets containing 
30% protein. Losses of specific nutrients were not evaluated and may have 
influenced interpretations based on dry matter retention data. 
Results from the present study indicate that the level of protein that produces the 
most rapid weight gain in the yabby, is influenced by dietary levels of both soybean 
meal and fish meal. A two-way interaction occurred between the dietary protein 
content and the soybean meal substitution level, which is evident when the curves in 
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Figure 3.3 are compared. Yabby growth in response to dietary soybean meal was 
affected by the quantity of protein. In a similar fashion, the growth response to 
increasing dietary protein was influenced by the level of dietary soybean meal. At 
high substitutions (S40 and S60), 5% incremental increases in protein from 15-30%, 
resulted in significantly improved growth. In the control and 20% soybean meal 
series, the response was somewhat different. No significant difference in the S20 
feeds occurred among comparisons involving 20, 25, and 30% protein levels, while 
in the control diets, this was the case for P20/P25 and P25/P30 comparisons. 
 
At high soybean meal levels a protein requirement of 30% was apparent, while in 
diets containing soybean meal at levels of 12% or less, and fish meal above about 
15-20%, a dietary protein level of 25% was strongly suggested. Why the apparent 
protein requirement was lower in response to reduced dietary soybean meal is 
unclear, particularly as such a shift involves replacement of both fish meal and 
soybean meal with wheat flour. It also appeared that about 12-15% of the total 
dietary protein must come from fish meal. No amount of protein from soybean meal 
was adequate to compensate for reduced growth observed in diets containing low 
levels of fish meal. Presumably certain growth factors (e.g., amino acids, fatty acids) 
present in fish meal become limiting at low dietary inclusion levels, and are not 
present in a sufficient quantity in soybean meal. It was also apparent that diets 
containing 15% protein, produce suboptimal growth irrespective of the relative 
inclusion levels of fish meal and soybean meal and are clearly nutritionally 
deficient. The apparent protein requirement of the yabby falls within the 25-35% 
range reported for other freshwater crayfish (D'Abramo and Robinson, 1989; New, 
1990; Reigh et al., 1993). Furthermore, about 15-20% of the diet (as dry weight) 
should be composed of animal-based protein ingredients and is consistent with the 
recommendations made by others (D'Abramo and Robinson, 1989; Reigh et al., 
1993). Finally, more than 12% of the total dietary protein should be derived from 
fish meal, particularly in practical feeds that have a low protein content. 
The reduced growth observed for diets containing high soybean meal substitutions at 
protein levels below 25%, may result from deficiencies in essential amino acids 
caused by low levels of fish meal, although other factors related to the presence of 
active antimetabolites in soybean meal (Lim and Akiyama, 1992), diet palatability 
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and feed consumption may also be important. The dietary essential amino acids 
required by yabbies have not been evaluated, nor has a quantitative analysis of their 
amino acid requirements been performed. However, it is generally considered that 
most decapod crustaceans require the 10 essential amino acids needed by vertebrates 
(New, 1976a, 1976b; Conklin, 1980; Boghen and Castell, 1981; D'Abramo and 
Robinson, 1989). Soybean meal is typically deficient in methionine and cysteine 
(Andrews and Page, 1973; New, 1976a, 1976b; Akiyama, 1988; ; Teshima et al., 
1992) and may also be comparatively low in other essential amino acids 
(Penaflorida, 1989; Reigh et al., 1993; Tacon, 1993a). Fish meal is usually a more 
complete protein source for many aquatic species (Andrews and Page, 1973; 
Penaflorida, 1989; Tacon, 1993a) and is important in providing an amino acid 
balance to manufactured feeds that may otherwise exhibit deficiencies. Fish meal 
levels in the 25% and 30% protein diets of the present study, permit higher soybean 
meal substitutions relative to the diets containing lower levels of protein. Best 
growth was obtained on a diet containing 24% soybean meal and 20% fish meal 
(P30S40). Consequently, these levels are recommended in diets containing 30% 
protein, unless other suitable protein-based ingredients, yet to be identified, are also 
included. The correct implementation of the nutritional "buffering capacity" of fish 
meal and other good sources of protein, has obvious cost benefits to growers and 
feed manufacturers. As a diet approaches nutritional optimality, the greater will be 
the capacity of the organism to accommodate minor shifts created in an attempt to 
reduce production costs. 
 
The results presented here also demonstrate that C. destructor can utilise relatively 
high levels of soybean meal for growth at certain levels of dietary protein. Studies of 
P. clarkii (e.g., Lochmann et al., 1992; Reigh et al., 1990, 1993), M. rosenbergii 
(e.g., Balazs et al., 1973; Balazs and Ross, 1976; Manik, 1976; Tidwell et al., 
1993b) and numerous species of penaeid shrimp (e.g., Akiyama, 1988; Lim and 
Dominy, 1990; Pascual et al., 1990; Kanazawa, 1992), have also identified the 
effective practical value of this ingredient. However, recommended dietary levels 
vary considerably. Tacon (1993a) reported that soybean meal commonly constitutes 
from 2-68% of the dry weight of practical diets for freshwater crustaceans and 
penaeid shrimp and proposed a maximum dietary level of 35%. In the present study 
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soybean meal levels up to 36% dry weight (60% of total protein), did not result in a 
significant change in growth relative to the control diets that contained 25% and 
30% protein (Table 3.4). Reigh et al. (1993) in a study of P. clarkii however, 
reported a significant increase in growth when dietary soybean meal increased to 
36% and the fish meal level decreased to 26%. The increased growth response was 
suggested to be the result of a synergistic interaction between ingredients. Improved 
or equivalent growth by substituting fish meal for soybean meal in diets for certain 
freshwater crayfish, may involve complex interactions between nutritional 
parameters that remain to be assessed in a single powerful study. Further research on 
the nutritional physiology and feeding biology of benthic freshwater crayfish is 
required.  
 
Optimising the protein:energy ratio (P:E) and the lipid:carbohydrate (L:C) ratio of 
diets used in aquaculture is essential in order to maximise the quantity of ingested 
protein that is utilised for growth rather than catabolism. Diets that are effectively 
designed in this respect permit the minimal use of costly protein-based ingredients. 
Musgrove (1993) provides the only other data on P:E ratios in diets for C. destructor 
although he makes no recommendation about optimal levels. This aspect of yabby 
nutrition awaits a detailed examination and the results of the present study serve as a 
preliminary evaluation for subsequent work. 
 
The P:E ratios that resulted in the best growth ranged from 13-17mg kJ-1 (at P25 and 
P30 respectively) and were dependent on the dietary soybean meal inclusion level. 
At soybean meal levels below 12% (dry weight) a lower P:E optima was apparent 
compared with diets that contained higher quantities of this ingredient. It appeared 
that an increase in the carbohydrate content of the diet (from P30 to P25) had a 
protein sparing effect only in diets that contained low soybean meal levels. The 
reason for this effect remains unknown but may be the result of complex interactions 
between dietary ingredients. 
 
The highest growth rate was observed at a P:E ratio of 15.96mg kJ-1 (P30S40). 
Similar data have not been reported previously for the yabby, but comparable results 
are available for other freshwater crayfish/prawns. For M. rosenbergii, Koshio et al. 
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(1992b) found that increasing the P:E ratio above 16.9mg kJ-1 did not improve 
growth and also resulted in less efficient feed utilisation, while Gomez et al. (1988) 
reported an optimum P:E ratio of 15.3mg kJ-1. Reigh et al. (1993) obtained the best 
growth in P. clarkii on a diet containing a P:E ratio of 17.65mg kJ-1. Ackefors et al. 
(1992), for A. astacus, and Hubbard et al. (1986), for P. clarkii, reported optimum 
P:E ratios of 27-30mg kJ-1 and 28.7mg kJ-1 respectively. The results obtained in 
these latter 2 studies were based on digestible energy values rather than gross 
dietary energy and this may partially account for the higher optimum P:E ratios 
obtained compared with the results of the present study.  
 
L:C ratios are also an important consideration in the development of feeds for 
freshwater crayfish (Ackefors et al., 1992). Lipid levels from 2-10% (dry weight) 
are generally recommended (Davis and Robinson, 1986; D’Abramo and Robinson, 
1989; Sheen and D’Abramo, 1991) and the optimum quantity is influenced by 
factors related to the protein, energy, and fatty-acid components of the diet (Sheen 
and D’Abramo, 1991). It has been suggested that the dietary L:C ratio should not 
exceed 0.4 (Ackefors et al., 1992), although the optimum level appears to be quite 
variable. For M. rosenbergii, growth reduction has been recorded for diets that 
contain L:C ratios in excess of 0.21 (Sheen and D’Abramo, 1991) and 0.29 (Millikin 
et al., 1980). Clifford and Brick (1978, 1979) also reported a reduction in the 
efficiency of feed utilisation by M. rosenbergii fed diets with L:C ratios above 0.25. 
Contrary to these results, Heinen and Mensi (1991) recorded the best growth in M. 
rosenbergii on a diet with a L:C ratio of 0.16 and poor growth for a diet with a ratio 
of 0.28. For P. clarkii, Reigh et al. (1993) obtained the fastest growth on a diet 
containing a L:C ratio of 0.18, whereas Tarshis (1978) recorded equivalent growth 
in Procambarus acutus acutus with diets that had L:C ratios from 0.23-0.66. Such 
apparent variability in the optimum L:C ratio is probably the result of differences in 
nutrient requirements among species, combined with factors associated with the 
dietary source and level of ingredients and the experimental protocol. 
In the present study the L:C ratios were all quite low and varied from 0.06 (P15) to 
0.10 (P30). The minimum L:C ratio is largely unknown although levels lower than 
0.04 have not depressed growth in some species (e.g., Davis and Robinson, 1986, 
for P. acutus acutus; Sheen and D’Abramo, 1991, for M. rosenbergii). The most 
 39
suitable L:C ratio to include in diets for the yabby clearly requires further 
consideration. 
 
The growth response of yabbies fed several of the formulated diets used in this study 
was satisfactory. Previous laboratory feed trials using zooplankton (Mitchell and 
Collins, 1989) and experiments conducted in semi-intensive pond production 
environments (Geddes and Smallridge, 1993; Geddes et al., 1993; Jones and 
Chavez,-unpublished data) indicate that only a fraction of the yabbies’ growth 
potential has been realised using the best diets of this study. Additional work is 
clearly necessary to identify the growth promoting factors present in zooplankton-
based diets and in other naturally produced feeds available in pond production 
environments. 
 
The carcass composition of the yabby appears to be affected by the composition of 
its food, although clear trends in the present study were only apparent in the protein 
and lipid components. Improved protein deposition appears to be the result of 
feeding on the higher protein diets, while animals fed the low protein feeds seem to 
be storing more energy as lipid. Without data on food consumption, the reasons for 
these effects would be purely speculative. Furthermore, confounding variables make 
it difficult to interpret accurately effects of dietary treatment. The chemical 
composition of crustaceans changes during growth and is also influenced by relative 
changes in body dimensions (Stein and Murphy, 1976). In studies aimed at assessing 
nutritionally induced variation in body composition, it is desirable to determine the 
proximate composition of sibling animals of a similar size, sex, and age. In practice 
however, this is difficult to achieve.  
 
 
 
 
3.5 Conclusion 
 
1. Proteins derived from fish meal, soybean meal, and refined wheat products are 
suitable for inclusion into practical feeds for C. destructor. 
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2. At least 12-15% of the total dietary protein should come from high quality 
animal-based protein sources such as fish meal. 
3. In this study, a 30 % protein diet containing fish meal and soybean meal at 
inclusion levels (as dry weight) of 20% and 24% respectively, produced the best 
overall growth response.  
4. The two-way interaction recorded between dietary protein and the level of dietary 
soybean meal, should be addressed in future studies aimed at determining least 
cost formulations for the yabby.   
 
Table 3.1 
Trial Aq:I, Water quality parameters in the experimental system. 
_____________________________________________ 
Parameter Min. Max. Mean 
_____________________________________________ 
Total 
Hardness (mg l-1) 268 406 340 
Calcium (mg l-1) 65.60 97.00 84.15
Magnesium (mg l-1) 25.27 39.73 31.48 
Ammonia (mg l-1)  
   Total 0.084 0.220 0.147 
   Unionised 0.001 0.030 0.010 
Nitrate (mg l-1)  0.66 2.30 1.09 
Nitrite (mg l-1) <0.005 0.009 0.007 
pH 7.57 8.39 8.17 
Dissolved  
Oxygen (mg l-1) 6.40 9.40 7.90
Temp. (oC) 21.0 29.0 24.2 
Flow rates 
  l h-1 12.60 25.20 20.78 
  Tank turnover day-1 24.79 49.57 40.88 
Total  
phosphorous (mg l-1) --- --- 0.08
_____________________________________________ 
 
 
 
Table 3.2 
Ingredient composition of the test diets and the proximate 
composition of the ingredients 
________________________________________________________________ 
             Ingredient composition (% dry weight)  
________________________________________________________________ 
Diet1  F.Meal S.Meal Wheat Wheat Wheat Fish Corn 
   starch flour bran oil oil 
________________________________________________________________ 
P15S0   7.88  0.00  2.07 69.49 15.00 1.78 1.78 
P15S20  3.20  6.04  2.07 68.11 15.00 1.79 1.79 
P15S40  1.23 12.08 14.96 51.15 15.00 1.79 1.79 
P15S60  1.23 18.13 36.89 22.95 15.00 1.90 1.90 
________________________________________________________________ 
P20S0 18.05  0.00  3.23 58.34 15.00 1.69 1.69 
P20S20 11.81  8.06  3.14 56.59 15.00 1.70 1.70 
P20S40  4.92 16.11  0.14 58.43 15.00 1.70 1.70 
P20S60  1.23 24.17 12.24 41.94 15.00 1.71 1.71 
________________________________________________________________ 
P25S0 27.89  0.00  2.77 49.12 15.00 1.61 1.61 
P25S20 20.51 10.07  4.61 44.61 15.00 1.60 1.60 
P25S40 12.31 20.15  2.71 44.61 15.00 1.61 1.61 
P25S60  4.92 30.22  4.71 39.91 15.00 1.62 1.62 
________________________________________________________________ 
P30S0 36.92  0.00  1.68 36.50 20.00 1.45 1.45 
P30S20 28.55 12.09  3.01 36.31 15.00 1.52 1.52 
P30S40 19.69 24.17  5.39 30.69 15.00 1.53 1.53 
P30S60  9.84 36.26  3.06 30.78 15.00 1.53 1.53 
________________________________________________________________ 
 Proximate composition of ingredients 
________________________________________________________________ 
 60.95 49.64  0.28 10.85 17.72 Protein (%) 
  2.67  2.20  0.50  0.89  3.99 Lipid (%) 
 30.93  6.60  0.18  0.59  6.48 Ash (%) 
  0.51  4.36  0.06   0.21 10.00 Fibre (%) 
  7.75 10.60  8.74 11.84 11.32 Moisture (%) 
 16.12 20.27 18.10 18.83 19.69 Energy (kJ g-1) 
____________________________________________________________________ 
 
1; Each diet contained 0.92% vitamin mix2, 0.08% mineral mix3, and 1% Cr2O3  
2; Vitamin mix (mg/kg diet);Vit A-10,000IU; Vit D3-2,000IU; Vit E-150; Vit K-20; 
    Vit B1-30; Vit B2-40; Vit B6-60; Vit B12-0.1; Vit C-2,000; Nicotinic acid-200; 
    Pantothenic acid-100; Folic acid-10; Biotin-1.0; Choline chloride-500; Inositol-400. 
3; Mineral mix (mg/kg diet); Selenium-0.1; Iodine-0.2; Copper-8; Iron-50; 
    Manganese-60; Zinc-80; Ethoxyquin-100. 
____________________________________________________________________ 
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Table 3.4 
Growth response of yabbies fed diets containing different levels of  
protein and amounts of fish meal and soybean meal for 59 days. 
_____________________________________________________________________________________ 
  Final Weight (g)    Dens3 Moults       
Diet Min Max Mean  %WG1 SGR2 %Surv. (m-2 ) mean/tank  
_____________________________________________________________________________________ 
P15S0  0.64   3.85 2.37 ±0.26  229.0 ±14.1a 2.00 ±0.08a   70 30.9 ±2.0      5.4 ±0.4 
P15S20 0.93   4.04 2.43 ±0.24  257.3 ±27.2a 2.11 ±0.12a   65 28.9 ±2.5      5.4 ±0.2 
P15S40 0.71   3.74 1.88 ±0.25  181.2 ±13.5e 1.73 ±0.08e   70 31.8 ±0.3      6.2 ±1.2 
P15S60 0.78   3.60 1.99 ±0.23  175.8 ±14.6e 1.75 ±0.08e   70 31.4 ±2.6       4.6 ±0.9  
_____________________________________________________________________________________ 
P20S0  1.03 10.00 3.86 ±0.65  422.0 ±49.2b 2.71 ±0.16b   70 32.2 ±1.9      7.6 ±0.8 
P20S20 1.66   7.79 4.06 ±0.56  492.9 ±50.1b 2.95 ±0.14b   65 29.7 ±1.6      8.8 ±1.1  
P20S40 0.80   5.67 2.54 ±0.36  295.1 ±29.1d  2.25 ±0.13d   85 34.6 ±2.4      5.8 ±1.0  
P20S60 1.21   5.63 2.72 ±0.34 252.2 ±17.6g  2.09 ±0.09g   75 32.5 ±1.9      6.4 ±0.4 
_____________________________________________________________________________________ 
P25S0  1.46   9.12 4.68 ±0.70  521.9 ±68.4bc  2.97 ±0.18bc     70 31.4 ±1.5      6.4 ±1.1 
P25S20 1.33 11.60 4.19 ±0.76  505.2 ±69.0b 2.91 ±0.14b   80 33.2 ±2.2      8.2 ±0.9 
P25S40 1.33   6.30 3.73 ±0.37  427.5 ±24.9b 2.79 ±0.08b   75 33.2 ±1.9      8.6 ±1.3  
P25S60 0.94   6.28 3.01 ±0.30  375.2 ±28.0b 2.60 ±0.09b   85 34.5 ±1.4      6.6 ±0.5  
_____________________________________________________________________________________ 
P30S0  1.42 12.46 5.13 ±0.87  589.7 ±65.3c  3.16 ±0.17cf   70 31.9 ±2.2      8.6 ±0.8  
P30S20 1.35 14.13 5.05 ±0.87  613.6 ±78.6bc  3.21 ±0.17bcf    70 31.0 ±2.3      9.0 ±0.6  
P30S40 1.96 12.13 5.85 ±0.84  692.5 ±70.0c 3.42 ±0.16c   65 31.9 ±1.1      8.6 ±0.7  
P30S60 1.99   8.93 4.29 ±0.57   524.5 ±64.3c 3.01 ±0.16f   70 32.0 ±1.4      7.2 ±0.8  
_____________________________________________________________________________________ 
Values (±se) with the same superscript in each protein level and in each soybean meal level  
are not significantly different (P>0.05). 
The mean initial weight was 0.61 ±0.01g. 
1: %WG (percentage weight gain) = (final wt - initial wt) x 100 / initial wt)  
2: Specific Growth Rate = (Ln weight time t - Ln weight time 0) x 100 / time t 
3: Mean number of animals alive / day /  m2 tank bottom area 
Table 3.5 
Mean carcass composition (% dry matter) of yabbies fed diets  
containing different levels of protein and soybean meal for 59 days. 
____________________________________________________________________________ 
Diet  Protein Lipid Ash Moisture Energy 
             (kJ g-1) 
____________________________________________________________________________ 
 
Orig.1 54.37 ±0.21j  2.38 ±0.04i  31.73 ±0.16j  77.59 ±0.12a 13.47 ±0.26i 
____________________________________________________________________________ 
 
P15S0 43.13 ±0.35a 10.40 ±0.24a 27.42 ±0.10a 74.95 ±0.72a 17.53 ±0.16a 
P15S20 46.08 ±0.32b 10.20 ±0.18a 26.99 ±0.31ab 75.14 ±1.22a 16.31 ±0.14f 
P15S40 46.51 ±0.16b  8.93 ±0.15c 27.66 ±0.22bc 76.08 ±1.01a 15.82 ±0.12d 
P15S60 46.16 ±0.21b  8.79 ±0.12c 27.29 ±0.14ac 76.23 ±1.52a 15.86 ±0.03d 
____________________________________________________________________________  
 
P20S0 48.75 ±0.35g 10.44 ±0.34a 26.26 ±0.02d 76.73 ±0.77a 17.30 ±0.18ac 
P20S20 48.68 ±0.22g  8.55 ±0.27h 29.22 ±0.15c 78.50 ±0.99a 16.03 ±0.15f 
P20S40 50.91 ±0.08de  7.79 ±0.09g 26.68 ±0.13d 77.42 ±1.47a 15.55 ±0.05de 
P20S60 51.07 ±0.21h  7.17 ±0.23d 27.89 ±0.13eh 77.92 ±1.37a 15.39 ±0.09e 
_____________________________________________________________________________ 
 
P25S0 50.22 ±0.51c  9.07 ±0.06b 29.04 ±0.25c 77.48 ±1.60a 16.66 ±0.11bg 
P25S20 51.47 ±0.29df  8.19 ±0.03h 28.41 ±0.18i 75.50 ±0.72a 15.98 ±0.13fh 
P25S40 51.57 ±0.35ef  7.47 ±0.15g 27.41 ±0.20bg 76.98 ±1.49a 16.94 ±0.20b 
P25S60 51.92 ±0.37f  5.89 ±0.08e 27.16 ±0.14ag 75.28 ±1.10a 16.45 ±0.11g 
____________________________________________________________________________ 
 
P30S0 51.11 ±0.09d  9.45 ±0.03b 26.56 ±0.11d 73.90 ±0.79a 16.94 ±0.17bc 
P30S20 51.61 ±0.16d  8.46 ±0.12h 28.41 ±0.17i 77.67 ±1.54a 15.62 ±0.16dh 
P30S40 51.86 ±0.19df  6.76 ±0.10e 27.52 ±0.21bh 76.07 ±1.29a 15.72 ±0.08d 
P30S60 54.27 ±0.14j  6.90 ±0.09f 27.81 ±0.24h 77.94 ±1.42a 15.78 ±0.09d 
____________________________________________________________________________ 
Values (±se) with the same superscript in each protein level and in each soybean level 
are not significantly different (P>0.05). 
1: Original stock 
  
Figure 3.1 
                  Dry matter retention of the experimental diets after 1-8 h in flowing water.
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Figure 3.2
Growth response of yabbies after 31, 45, and 59 days of
feeding on diets containing different protein levels and
 soybean meal combinations.
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Figure 3.3
Specific growth rate (bars are ±se) of yabbies fed diets 
containing different levels of soybean meal at four protein levels.
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CHAPTER 4 
 
Aquaria trial II (Aq:II) 
Effects of dietary protein source on growth, feed  
utilisation and carcass composition. 
 
4.1 Introduction 
 
In previous work on the yabby (Chapter 3), and other decapods (Akiyama, 1988; 
Reigh et al., 1990; 1993; Lochmann et al., 1992), soybean meal was identified as a 
useful source of protein that can effectively replace fish meal to some extent. An 
optimum soybean meal inclusion level of approximately 24% was suggested for 
diets containing 30% protein and about 20% fish meal (Chapter 3). The ideal 
inclusion level however, may vary according to other constituents of the diet and 
may be influenced by factors such as the stage of animal development and the 
culture method. It may also be possible to replace some of the fish meal with other 
cheaper, more readily available animal protein sources. Maximum inclusion levels 
of alternative protein-based ingredients with suboptimal nutrient profiles, will be 
largely influenced by the presence and composition of other dietary proteins. The 
correct balance and quantity of dietary amino acids is required for optimal growth. 
The protein source will inevitably influence the cost and nutritional quality of 
artificial diets. To date, no work has been done to identify alternative protein sources 
that are of direct nutritional importance to the yabby.   
 
The selection of protein-based ingredients for evaluation in this study was based on 
several criteria including, availability, cost, existing use in aquaculture and 
consumption by yabbies in natural systems.  
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Meat meal is a cheap and readily available by-product of a large meat industry in 
Australia and represents a potentially useful source of protein. It is presently being 
investigated as part of a nation wide fish meal replacement programme in 
commercial aquaculture feeds (FRDC, 1993). Soybean meal is frequently included 
in crustacean diets (Akiyama, 1988; Tacon, 1993a), particularly those designed as 
supplementary feeds for use in semi-intensive production systems. A further 
evaluation of soybean meal compared with other potentially useful protein-based 
ingredients is required. Crustacean meals are also a widely used constituent of feeds 
for other decapod crustaceans (Tacon, 1993a) and have been reported to have 
growth enhancing properties (Colvin, 1976; Pascual and Destajo, 1979; Ali, 1992; 
Cruz-Suarez et al., 1993). The cannibalistic behaviour of the yabby (Mills and 
McCloud, 1983, Geddes et al., 1993) suggests it is capable of effectively utilising 
meals of this type. Indeed in natural systems a large proportion of crayfish mortality 
may be recycled via cannibalism, directly back into crayfish production (Lorman 
and Magnuson, 1978). It has been suggested that cannibalism in freshwater crayfish 
may even be a response to a dietary deficiency (of sterols, or of amino acids such as 
arginine) (Brown et al., 1992). Waste products from processing plants and fisheries 
represent a valuable resource if they can be recycled cost-effectively into feed 
ingredients for use in aquaculture.  
 
Freshwater zooplankton are an excellent natural food source for hatchling and 
juvenile yabbies and can produce high growth rates in animals grown in tanks 
(Mitchell and Collins, 1989; Jones et al., 1995). Gastropods (snails) of various types 
are also consumed by yabbies and have been used as a food resource for other 
crustaceans with some success (Tacon, 1993a, Bombeo-Tuburan et al., 1995). 
Although gastropod meals are not a readily available resource in Australia, 
numerous pest species are present which may be of some value to aquaculture.  
 
In the present study, meat, soybean, crustacean, zooplankton and snail meals were 
incorporated at high inclusion levels (25-36% as dry weight) into diets containing 
30% protein. Feed intake, growth performance and carcass composition of juvenile 
yabbies were evaluated during a 12 week culture period. 
4.2 Materials and methods 
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4.2.1 Culture procedures 
This trial was conducted from June-September 1992 (12 weeks). Newly-independent 
hatchlings obtained from 1 female yabby were reared for about 7 weeks prior to 
stocking, according to previously described methods (Chapter 2). The broodstock 
used in this trial were intermediate-type stock obtained from the resident population 
at Deakin University. The tanks in this experiment were divided into 2 equal 
compartments by a clear PVC panel. One animal (mean weight ±se, 0.82g ±0.02) 
was placed in each compartment of 17 replicate tanks for every dietary treatment 
and reared for 12 weeks. Treatments were allocated randomly to tanks using the 
Systat Design Module (Dallal, 1988).  
Information regarding experimental conditions and routine monitoring procedures 
can be found in Chapter 2. Water quality data are provided in Table 4.1.  
Each animal was fed to satiation once a day at 1800 h, with 2 pellets of 
approximately equal size. The food ration was increased as the animals grew.  
Total food consumption (FC -g, wet) for each treatment was calculated at 14 day 
intervals according to, 
FC = FA - FR  
where, FC = food consumption (g),  
            FA = total food offered (g), 
            FR = total food rejected (g)  
                 = total pellets rejected x mean pellet weight (g) 
 
To estimate the total yabby biomass that consumed the above quantity of food (FC)  
the following were used, 
BT = total cumulative yabby biomass = (B0 x 14) - C  
where, B0 = total yabby biomass at beginning of each feed period 
           C = cumulative yabby biomass lost due to cannibalism  
           
Percent food consumption per day (FC) was subsequently estimated according to,  
FC = (FC / BT ) x 100/14 = 7.14 FC / BT ) 
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Food conversion ratios (FCR), protein efficiency ratios (PER) and apparent net 
protein utilisation (ANPU, %) were determined for each dietary treatment according 
to, 
FCR = dry food intake (g) / wet biomass increase (g), 
PER = wet biomass increase (g) / dry protein intake (g) 
ANPU (%) = (final - initial carcass protein, g) x 100 / dry protein intake (g) 
 
4.2.2 Diet formulation and dietary treatments 
Five diets with a 30% protein content were evaluated in this study. Meat, snail, 
soybean, yabby, or zooplankton meal was the major protein component of the 
various diets. High inclusion levels (approximately 60%) were used to maximise 
potential effects due to dietary protein source. Fish meal (Metropolitan Produce, Pty. 
Ltd., Werribee, Australia) and refined wheat products provided the balance of the 
protein component. In previous work (Chapter 3) it was established that up to 60% 
of the protein component (of diets containing 30% protein) could come from 
soybean meal, without a significant reduction in growth over controls containing 
fish meal. The diet containing soybean meal was thus regarded as the control. All 
diets were formulated on an isoenergetic and isonitrogenous basis by varying the 
quantity of wheat starch, flour and bran. The total lipid content was adjusted to 5% 
with equal portions of cod liver oil and corn oil. 
 
Meat meal and solvent-extracted soybean meal were obtained from a local feed mill 
(Metropolitan Produce Pty. Ltd., Werribee, Australia), zooplankton (Daphnia sp., 
Boeckella sp., Calamoecia sp.) were collected from a nearby brackish lake (Tower 
Hill) and immediately frozen. Common garden snails (Helix sp.) were removed from 
their shells after being gut-purged by feeding with lettuce and cabbage for 24-36 h, 
then boiled for 6-10 min. Yabby meal was made from adult animals collected from 
the Deakin University ponds. These primary ingredients were freeze dried for 72 h, 
then finely ground with a Kenwood Grain Mill (Kenwood Appliances Pty. Ltd., 
Melbourne, Australia), and thoroughly mixed with the other ingredients. The 
technique used to make the pellets and assess their stability in water, and the 
methods of proximate analysis have been described previously (Chapter 2). 
Formulation data are provided in Table 4.2.  
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4.2.3 Sample collection and analysis 
Animals were weighed at 2 weekly intervals. Mortalities during the first week were 
replaced with similar sized animals. At the completion of the experiment, yabbies 
were freeze dried, pooled for each treatment, and ground into a fine powder for 
proximate analysis. Methods used to select, treat, and analyse animals have been 
described previously (Chapter 2). 
 
4.2.4 Statistical procedures 
To test the effect of protein source on yabby growth and body composition, a one 
way analysis of variance (ANOVA) was conducted using the MGLH module in 
SYSTAT (Wilkinson, 1990). Pellet stability was also analysed by ANOVA. When 
significant differences were indicated (P<0.05), post-hoc pairwise comparisons (Day 
and Quinn, 1989) were made to identify which means were significantly different. 
Modelling of growth and feed consumption data was achieved using Excel Version 
5 (Microsoft Corp.). 
 
4.3 Results 
 
4.3.1 Pellet stability 
In all diets, the rate of dry matter loss was greatest during the first hour in water, and 
decreased thereafter (Figure 4.1). Of the total dry matter lost after 8 h submergence, 
42-72% was lost during the first hour. The DMR response curves varied 
considerably between diets. The yabby meal and zooplankton meal diets were the 
least stable in water, with dry matter losses after 8 h of 24.6% and 30% respectively. 
The zooplankton meal pellets lost most of their structural identity after only about 4 
h. It was impossible to recognise individual zooplankton pellets the morning after 
feeding. Physical integrity of all other diets was maintained overnight, provided they 
were not disturbed by yabbies. Water stability was significantly greater in the meat 
meal diet than in the other feed-types, with only a 9.1% reduction in dry matter over 
the 8 h. period. The snail meal and soybean meal diets had similar water stability. 
Considerable variation in DMR among diets was evident after only 1 h. of 
submergence. A 17.9% difference in DMR between the meat meal and zooplankton 
meal diets occurred after 1 h., and increased to 21.1% by 4 h. 
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4.3.2 Survival 
Previous work indicated that cannibalism of communally held animals may be high, 
and that claw clipping is an ineffective method of reducing its occurrence in 
juveniles (Chapter 3). The method of separating animals into individual 
compartments also proved to be unsatisfactory. On several occasions yabbies 
escaped into adjacent compartments by climbing up the channel supporting the PVC 
divider. Consequently, the dividers were removed after 3 weeks and PVC tubes were 
added for refuge. Premoult animals were subsequently placed in clear polyethylene 
containers underneath the microspray jet in each tank, and permitted to moult in 
isolation. They were removed 24-48 h after moulting when their carapace had 
hardened sufficiently.  
 
Despite these measures, survival within each dietary treatment was still quite low 
(Table 4.3). Most deaths appeared to have been caused by aggressive encounters, 
with a number of animals losing appendages prior to being mutilated. The poorest 
survival of 56% occurred for the soybean meal and zooplankton meal treatments, 
while the highest survival of 65% occurred for the yabby meal diet. Dietary induced 
mortality was not apparent. Only minor differences in survival between treatments 
occurred during the course of the trial. 
 
4.3.3 Food Consumption 
Food consumption data for each 2 week sampling period are provided in Table 4.4. 
In all treatments initial consumption was approximately 5% of mean animal 
weight/day, and decreased in a curvilinear fashion to approximately 2.4%/day. 
Overall food consumption was similar in all treatments and collectively is described 
by the equation, FC = 4.43W -0.47  
where, W = mean weight (g), FC = % food consumption per day, (R2=0.80). 
FCRs were all very low, with the best result of 0.95 recorded for the snail meal diet. 
The yabby meal diet resulted in the highest value of 1.21. The PERs, and the ANPU 
values were highest for the snail meal diet (3.44, 41.15% respectively), and lowest 
for the zooplankton treatment (2.67, 29.57%). Consumption of the zooplankton-
based diet was not corrected for uneaten food due to the poor physical stability of 
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the pellets. Consequently, total consumption and FCRs for this diet are artificially 
elevated. The PER and the ANPU data are lower for the same reason. 
4.3.4 Growth Response  
The growth response of animals fed the 5 diets for 84 days is shown in Figure 4.2 
and Table 4.3. No significant difference in MW, %WG, or SGR occurred between 
treatments at any time during the trial. At the completion of the trial, both the 
smallest (1.78g) and the largest (16.44g) animal was found in the yabby meal 
treatment. Due to the absence of a dietary effect, all animals were pooled and the 
overall growth response was modelled. The results are presented in Figure 2. 
Growth was described with a high level of accuracy (R2=0.998) by the equation, 
W = 0.87e0.026t     
where, W = weight, (g); t = time, (days). 
 
The mean number of moults for the surviving animals was similar for each dietary 
treatment (Table 4.3). The yabbies moulted about 4 times during the 12 week period 
for each feed-type.  
The mean coefficient of variation for animal weight after 12 weeks was 43%. Values 
for individual treatments ranged from 30% (meat) to 62% (yabby). 
 
4.3.5 Carcass analysis 
Animals fed the various diets were distinctively pigmented (based on a visual 
examination only) and this is illustrated in Figure 4.3. Animals fed the soybean 
meal, meat meal and snail meal diets were generally poorly pigmented and in some 
cases were almost translucent. Many developed an abnormal light-blue colour which 
darkened with age. Animals fed the zooplankton-based diet developed a rich brown 
colour, and were closest to being the natural pigmentation of wild caught animals. 
The yabby meal diet produced animals that were slightly lighter in appearance than 
those fed the zooplankton-based diet.  
 
Overall carcass composition was influenced by diet (Table 4.5). An inverse 
relationship occurred between the carcass protein and lipid content, and has 
previously been observed (in Chapter 3). A maximum variation of 5.68% protein, 
5.41% lipid, and 1.64% energy occurred between animals fed the snail meal and 
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yabby meal diets. Carcass moisture was not significantly different between dietary 
treatments. The moisture and energy contents of the original stock animals were not 
significantly different to the composition of the animals fed the test diets. Carcass 
protein, lipid, and ash levels in the original stock were not significantly different to 
the levels recorded for animals reared on diets containing soybean meal, 
zooplankton meal, and meat/zooplankton meals respectively.   
 
4.4 Discussion  
The results of this trial indicate that juvenile yabbies can utilise efficiently artificial 
diets containing protein supplements obtained from a diverse range of sources and 
that 20% of the protein component derived from animal material appears to be 
sufficient. 
 
All the diets used in this study were palatable and were usually eaten within several 
hours after feeding. Percent consumption of food decreased as animals grew, and is 
consistent with the reduced metabolic requirement with size (Musgrove, 1993). 
Based on the growth response and feed utilisation data, yabbies appear to be very 
efficient at utilising artificial diets containing proteins from a wide variety of 
sources. This may reflect their natural (omnivorous) feeding behaviour and may 
permit a range of animal and plant-based ingredients to be incorporated effectively 
into practical diets, on a least cost basis.  
 
Considerable research has been conducted to identify alternatives to the traditional 
marine-based proteins of crustacean feeds (i.e. fish, prawn, crab, mussel, and squid 
meals). Selected plant proteins, typically soybean products, have received much 
attention due to their relatively low cost, good nutrient profile, and ready 
availability. Numerous studies have focussed, with some success, on the use of 
cheap, sometimes novel, animal products (e.g., Balazs and Ross, 1976; Manik et al., 
1977; Tinsley et al., 1984; Tacon and Jackson, 1985; Dominy and Ako, 1988; Ali, 
1992; Hasan and Das, 1993; Hossain et al., 1993; Tidwell et al., 1993a). Few 
attempts have been made to identify useful protein supplements for incorporation 
into artificial diets for the yabby. In previous work (Chapter 3) it was found that 
soybean meal could contribute up to 60% of the protein fraction of diets containing 
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25% and 30% protein, without significantly reducing growth over fish meal-based 
controls. Mitchell and Collins (1989) and Smallridge et al. (1989), found that 
zooplankton promoted high growth rates in juvenile yabbies. Most other dietary 
studies on the yabby have involved an assessment of commercially available feeds 
and agricultural by-products (e.g. Mills, 1980; Mills and McCloud, 1983; 
Smallridge, 1992; Geddes et al., 1993).  
 
The results obtained here and in Aq:I suggest that juvenile yabbies require animal 
protein in their diet for maximum growth. It has been recommended that at least 15-
20% of the diet of other freshwater crayfish should be of animal origin (Huner and 
Meyers, 1979; Goddard, 1988; D'Abramo and Robinson, 1989). Based on the results 
of the present study, 20% of the total dietary protein derived from high quality 
animal material appears to be adequate for juvenile yabbies. About 74-80% of the 
protein component of the meat, snail, yabby, and zooplankton-based diets was of 
animal origin. In contrast, the soybean meal diet contained 80% of the protein 
portion from plant products, and the remainder from fish meal. Increased growth 
was not observed in feeds that contained animal protein above 20% (of total protein) 
and this is consistent with the results of the previous trial (Chapter 3). The 
effectiveness of diets, containing this recommended minimum, will depend on the 
amino acid composition produced by blending suitable plant and animal materials. A 
soybean, fish meal, wheat protein base appears to provide an adequate amino acid 
balance for yabbies, although replacement of the soybean meal component with 
animal protein of various types, also appears to be satisfactory. An amino acid 
analysis was not performed in this study due to a lack of resources. Future 
refinement of practical diets for the yabby necessitates that the essential amino acid 
requirements, and their optimum inclusion levels be elucidated. 
 
Given a requirement for animal protein, yabbies feeding on plant-based diets, 
particularly detritus, devoid of animal matter probably will not achieve their growth 
potential. Indeed, other similar freshwater crayfish appear to have a very limited 
capacity to utilise decomposed plant matter as a sole food item (e.g., Wiernicki, 
1984, for P. clarkii; Soderback et al., 1987, for A. astacus; McClain et al., 1992a, 
1992b, for P. clarkii). Whereas yabbies do grow well in plant-based-detritus 
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systems, the nutritional importance of the animal component of their (natural) diet 
remains unknown. Growth in this trial was slower than that reported for similar 
sized yabbies fed natural diets in intensive conditions (Jones et al., 1995), or in pond 
production environments (Mills and McCloud, 1983; Geddes and Smallridge, 1993; 
Geddes et al., 1993). This highlights the necessity for additional detailed studies, to 
identify the growth enhancing components present in the natural diet of these 
crayfish. 
 
Growth on the mixed zooplankton diet was unexpectedly low, considering the 
excellent response obtained on live zooplankton diets in other studies involving 
juvenile yabbies (Mitchell and Collins, 1989; Jones et al., 1995). Processing of 
zooplankton is known to reduce their nutrient profile and structural integrity (Tacon, 
1981; Celada et al., 1989), and combined with poor dry matter retention of the 
zooplankton-based diet, may have caused the relatively slow growth response. 
Artificial diets containing zooplankton have also been reported to produce poor 
growth in other freshwater crayfish (e.g., Celada et al., 1993, for Pacifasticus 
leniusculus). 
 
The ability of yabbies to grow well when fed a diet consisting of pelletised whole 
carcasses of other yabbies has not been recorded previously, although numerous 
accounts exist of the cannibalistic behaviour of these crayfish (e.g., Mills and 
McCloud, 1983; Merrick and Lambert, 1991; Geddes et al., 1993; Romanowski, 
1994). The value of crustacean meals as food for other commercially important 
decapods is well recognised (Tacon, 1993a; Cuzon et al., 1994). Waste material 
from local fisheries and from processing by-products are frequently the major source 
of such ingredients. However, until a sizeable freshwater crayfish industry develops 
in Australia, the use of whole carcasses in commercial feeds would probably be cost 
prohibitive. Furthermore, high inclusion levels of chitin from crustacean meals may 
seriously impair pellet water stability as evidenced by the poor dry matter retention 
of the yabby and zooplankton-based diets of the present study.  
 
The addition of molluscs to artificial diets for other commercially important 
crustaceans is also a common practice (Tacon, 1993a). In most cases, bivalves (e.g. 
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mussels, clams, oysters), and cephalopods (squid) are used, however gastropods 
have formed the basis of several diets. The successful use of the common garden 
snail in the present study, suggests it may be feasible to exploit this pest species for 
aquacultural purposes, possibly in a similar manner to the use of the golden apple 
snail in the pond culture of P. monodon (Bombeo-Tuburan, 1995).  
 
The meat meal and soybean meal-based diets produced a similar growth response to 
those containing yabby, zooplankton, or snail meals. Considering the former 2 
ingredients are readily available and are reasonably cheap, they would be obvious 
choices for inclusion in practical diets for the yabby.  
 
Carapace pigmentation was clearly affected by feed composition. Carotenoids in the 
diet of yabbies and other decapod crustaceans are essential in producing normally 
pigmented animals (D'Abramo, et al., 1983; Sommer et al., 1991). Yabbies which 
develop a pale blue colour with age, such as those fed the soybean, meat, and snail-
based feeds of the present study, are probably deficient in certain dietary 
carotenoids. A similar effect has been reported for other decapod crustaceans 
feeding on artificial diets lacking in astaxanthins or their precursors (e.g., Chien and 
Jeng, 1992; D' Abramo et al., 1983; Geddes et al., 1988; Simpson et al., 1982; 
Morrissy, 1984,1989; Sommer et al., 1991). The zooplankton and yabby meal diets 
however, appeared to contain the necessary pigment producing components. 
Consequently, it is recommended that artificial feeds for yabbies contain a 
crustacean meal and/or a carotenoid rich plant component to ensure correct animal 
pigmentation.  
 
The %WG and SGR of diet P30S60 from Aq:I was 53% and 22% greater 
respectively (after about 8 weeks growth), than the %WG and SGR of animals fed 
an identical diet (based on soybean meal) in the present trial. The poorer growth 
recorded here may be the result of intraspecific variation in growth between broods, 
which has been recorded elsewhere for yabbies (e.g., Austin et al., 1996) and other 
similar freshwater crayfish (e.g., Gu et al., 1995, for C. quadricarinatus). Also, 
temperature is one of the main influential factors affecting growth in crayfish 
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(Morrissy, 1990) and the lower mean water temperature (by 1.5°C)  in the present 
trial may have depressed growth in comparison to the results recorded in Aq:I.   
 
 
 
Protein efficiency and utilisation values, and food conversion ratios were all 
excellent in the present study. The best feed response occurred in the snail-based 
diet. Good feed utilisation for compounded diets has been reported elsewhere for 
yabbies (Aerfeldt, 1980; Musgrove, 1993) and other species of freshwater crayfish 
(e.g., Balazs and Ross, 1976; Capuzzo, 1982; Clark et al., 1974; Huner and Meyers, 
1979; Villarreal, 1991). Furthermore, compounded diets based on plant proteins, 
particularly from seeds, are also well utilised by other freshwater crayfish (e.g. 
Sevilla et al., 1993; Reigh et al., 1990).  
 
The methods used to determine food utilisation by decapod crustaceans are not 
corrected for increases in animal weight caused by the uptake of soluble nutrients 
from the water. The exoskeleton of yabbies is heavily mineralised with inorganic 
ions, predominantly calcium, (Conklin, 1982; Greenaway, 1985) and a substantial 
fraction of the minerals required for recalcification of the cuticle after ecdysis, may 
come from the culture media (Greenaway, 1985; Huner et al., 1978). The degree to 
which this occurs will depend on the composition of the available food, the calcium 
content in the water, the level of stored minerals in the haemolymph, hepatopancreas 
and gastroliths, and probably on the developmental stage of the animal. 
Consequently, a significant portion of the inorganic biomass of the animal may not 
be derived directly from the diet, but rather from an extraneous source. The net 
effect will be to improve food utilisation data artificially. This aspect of yabby 
nutrition awaits further clarification and is considered in more detail in Chapter 5. 
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4.5 Conclusion 
 
1. The ability of juvenile yabbies to efficiently utilise artificial diets containing 
protein supplements obtained from a diverse range of sources reflects their 
natural (omnivorous) feeding behaviour and further supports previous 
conclusions that C. destructor is a good candidate for commercial culture.  
2. It is sufficient to provide 20% of the protein component of compounded feeds 
(containing 30% protein) from a high quality animal source. Crustacean meals 
can be used in conjunction with other carotenoid rich plant products, but care 
must be taken to prevent serious negative affects on pellet stability by adding 
excessive quantities of chitin. 
3. In the case of yabby meal, inclusion levels in the range of 10-20% would be 
appropriate. 
4. Soybean meal is presently the most economical and expedient alternative to 
marine-based proteins. 
 
 
 
Table 4.1 
Trial Aq:II, Water quality parameters in the experimental 
system 
______________________________________________ 
Parameter Min. Max. Mean 
______________________________________________ 
Total 
Hardness (mg l-1) 275 485 381 
Calcium (mg l-1)   70 124 95 
Magnesium (mg l-1) 24.3 42.5 34.9 
Ammonia (mg l-1)  
   Total 0.076 0.085 0.093 
   Unionised 0.008 0.012 0.010 
pH 8.15 8.48 8.35 
Dissolved  
Oxygen (mg l-1) 8.0 8.7 8.4 
Temp.(oC) 18.0 28.0 22.7 
Flow rates  
 l h-1 13.2  48.5  18.2 
 Tank turnover day-1 26.4 49.57  36.3 
______________________________________________ 
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Figure 4.1
Dry matter retention of the experimental diets 
after 1-8 h in flowing water.
Figure 4.2
The fitted curve for mean fortnightly weight (all diets combined)
of juvenile yabbies over a 12 week period.
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Figure 4.3 
 
Intermoult yabbies after 12 weeks of feeding on pelleted 
diets containing protein from various sources. 
 
1; Snail meal-based diet 
2; Soybean meal-based diet 
3; Meat meal-based diet  
4; Yabby meal-based diet 
5; Zooplankton-based diet 
6; Mixed natural diet 
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CHAPTER 5 
 
Aquaria trial III (Aq:III) 
Moulting, morphometry, growth and feed utilisation:  
a comparative evaluation of Cherax albidus and C. destructor 
 
5.1 Introduction  
 
The best overall growth response in Aq:I was obtained on a diet containing 30% 
protein, and soybean meal and fish meal at a 24% and 20% inclusion level 
respectively. The results from Aq:II indicated that a wide variety of animal-based 
proteins could be incorporated effectively into compounded diets for the yabby and 
that the inclusion of a crustacean meal is desirable to ensure correctly pigmented 
animals. The best developed diets were further refined in the present study. A 
suitable combination of animal and plant-based ingredients formed the basis of the 
diets evaluated. Fish meal and yabby meal were used to supply animal protein while 
soybean meal and refined wheat products supplied plant protein. 
 
Intermediate-type stock animals (C. destructor/albidus) formed the basis of the 2 
previous trials. Considering the extreme habitat variation of the 2 species concerned 
and the high degree of morphological and genetic variability within the Cherax 
group (Austin, 1986; Sokol, 1988b; Campbell et al., 1994), considerable variation 
may also occur in certain attributes of importance to aquaculture, such as growth 
rates, feeding efficiency, edible meat yield (i.e. claw and tail sizes), fecundity and 
size at maturity. Indeed, C. albidus has been reported to possess favourable qualities 
such as a large tail, desirable reproductive traits, a docile nature, fast growth, and 
perhaps a less-developed tendency to burrow (Morrissy and Cassells, 1992; 
Campbell et al., 1994; Hocking, 1994). C destructor has a comparatively high 
fecundity, short developmental period, and produces small juveniles (Holdich, 1993; 
Hocking, 1994). Although several studies have focussed on the comparative 
(aquacultural) benefits of several Australian species (most notably the yabby, 
marron and redclaw) (Holdich, 1993; Morrissy et al., 1990; Austin, 1995), no 
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published information exists involving a comparison of the growth and nutritional 
performance of more than 1 species grown simultaneously in identical conditions.  
 
The successful development of an aquaculture industry based on Australian species 
of freshwater crayfish, relies on the identification of species and types with 
characteristics suitable for commercial utilisation. To maximise returns it is 
important to utilise stocks that have a high growth rate potential and that can utilise 
feeds with a high degree of efficiency. Other marketable traits must also be 
considered during comparative studies involving growth and dietary utilisation. 
Studies on other crayfish species have revealed a wide variation in growth rates at 
the family and stock level (e.g., Hedgecock and Nelson, 1978, for Homarus sp.; Gu 
et al., 1995 for C. quadricarinatus), however, no data have been published involving 
a comparison of the feed utilisation of different stocks of a single species. 
 
Yabby breeding programs are presently underway in an attempt to improve certain 
traits of importance to aquaculture. A focus of these programs should be to establish 
whether such traits are subject to environmental control (i.e. are phenotypically 
plastic) or whether they are tightly regulated genetically and are hereditable. 
Although correlations between genetic divergence and morphological variation have 
been used to suggest a genetic basis for the variation observed in yabbies (Campbell 
et al., 1994), the extent to which form (morphology), function (physiology), and 
behaviour can be modified by changes in the environment is unknown. Furthermore, 
only a few studies on other decapod crustaceans are available which focus on 
phenotypic plasticity and the mechanisms controlling its expression (e.g., Govind 
and Pearce, 1986, for H. americanus; Karplus et al., 1992a, 1992b, for M. 
rosenbergii; Smith and Palmer, 1994, for Cancer productus). A better understanding 
of the degree to which certain important traits of yabbies are subject to 
environmental regulation, may enhance the development of the industry as well as 
providing important information about life histories and evolutionary processes. The 
relative effect of diet-type on the morphology and feeding efficiency of C. albidus 
and C. destructor is of particular interest in the present study. 
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In decapod crustaceans, changes in overall body shape coincide with growth 
(Hartnoll, 1983) and this can have important economic ramifications. For example, 
saleable structures with dimensions that decrease in relative terms, may lose market 
acceptance when the perceived size (i.e. relative to the overall body) becomes too 
small. Also the relative quantity of particular products (e.g. edible meat) may be 
greatest at a size less than the maximum dimension of the animal (see Huner et al., 
1988). Consideration to the change in body proportions during growth is essential to 
ensure that the most economic culture practices are established.  
 
In most studies involving yabbies, growth is simply defined in terms of an overall 
increase in size or weight with time. Their indeterminate pattern of growth 
(Hartnoll, 1982) can be partitioned into 2 essentially discrete components; the time 
between successive moults (the intermoult period); and an increase in size during 
moulting (the moult increment). Both growth components may exhibit very different 
responses to intrinsic and extrinsic changes (Hartnoll, 1982) and have been studied 
extensively in other decapods (Huxley, 1932; Hartnoll, 1982) but sparingly in 
yabbies (Reynolds, 1980; Geddes et al., 1988). A simultaneous comparison of C. 
albidus and C. destructor when fed a range of diet-types and when cultured in a 
variety of environments is clearly warranted. 
 
It has previously been observed that when yabbies are fed nutritionally deficient 
diets that result in poor growth (viz. the 15% protein diet in Aq:I), they appear to be 
able to survive on such diets by altering their moulting pattern and their relative 
body form (i.e. tail size) or level of allometry. Numerous studies on other freshwater 
crayfish have shown that allometric relationships can change with the onset of 
sexual maturity and may result in sexual dimorphism (e.g., Hartnoll, 1982; Rhodes 
and Holdich, 1984; Gu et al., 1994; Austin, 1995). Social hierarchies are also known 
to influence morphology in some species of Crustacea (e.g., in M. rosenbergii, 
Karplus et al., 1992a). Although the relationship between diet and moulting has 
been studied in a few crayfish (e.g., Geddes et al., 1988; Hartnoll and Salama, 
1992), the effect of dietary modifications on morphology (and the resultant level of 
allometry) has not been examined previously. Dietary induced shifts in allometry (or 
a change in phenotypic expression) may have important ramifications when 
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considering species boundaries and the mechanisms operating on evolutionary and 
selective processes.  
 
The main objectives of the present study were: 
1. to further develop a practical compounded diet for the yabby based on the 
    results obtained so far in this study;  
2. to assess the relative growth and efficiency of feed utilisation of C. albidus and 
    C. destructor; 
3. to evaluate the effect of diet on the moulting pattern and body form 
    (i.e. phenotype; assessed in terms of morphometric relationships)  
    of C. albidus and C. destructor; and 
4. to comment on the relative aquacultural merits of the 2 species. 
 
The allometry component of this study involved 2 separate trials. The first was a 
pilot study of the relative dimensions of the abdomen and carapace of animals fed 
diets containing 15, 20, 25 and 30% protein for 59 days (Chapter 3). These animals 
were only measured once at the completion of the growth period. The second trial 
was more comprehensive and involved progressive measurements of individual 
animals that were “tracked” during 20 weeks of growth in the aquarium system. 
Most of the data presented here pertains to a trial in which yabbies were grown on 2 
feed-types containing protein levels that previously have been shown to be 
nutritional extremes (refer to Chapter 3). The 2 diets were isoenergetic and 
contained 15% or 30% protein. 
 
5.2 Materials and methods 
 
5.2.1 Culture procedures 
This trial was conducted from December 1992 - May 1993 (20 weeks). Broodstock 
were obtained from Apsley, Victoria (C. albidus), and The Barmah Forest, Barmah, 
Victoria, (C. destructor). Both species were bred under identical conditions 
according to Mitchell and Collins (1989). In an attempt to reduce phenotypic effects, 
broodstock were held in identical environments prior to mating. Siblings were 
obtained from 1 female yabby of each species. The 2 brood animals each weighed 
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about 60g and each produced approximately 600 juveniles. Prior to stocking, newly-
independent hatchlings were reared for about 9 weeks as previously described 
(Chapter 2). To eliminate the effect of sexual dimorphism, only male animals were 
used. Forty-two similar sized juveniles of each species (mean weight ±se, 0.94g 
±0.03; C. albidus, 0.95g ±0.02; C. destructor) were stocked individually into 21 
replicate tanks per treatment and reared for 20 weeks. Water quality was monitored 
as previously described (Chapter 2). 
 
Animals were fed daily at 1800 h. Food consumption was monitored visually in an 
attempt to minimise the quantity of uneaten food. In most cases all the food was 
consumed within several hours following feeding. Tanks were siphoned clean at 
0700 h and approximately 10% of the water was replenished. 
 
5.2.2 Diet formulation and dietary treatments 
The primary sources of the dietary protein were derived from a combination of 
ingredients: fish meal (Metropolitan Produce, Pty. Ltd., Werribee, Australia); yabby 
meal (from whole freeze-dried animals); hexane extracted soybean meal; and refined 
wheat products. Diets were prepared as previously described (Chapter 2) and their 
ingredient composition is provided in Table 5.1. Codings for the dietary treatments 
are A15, A30 (C. albidus; 15%, 30% protein), and D15, D30 (C. destructor; 15% and 
30% protein). The formulation of the 30% protein diet was based on the results of 
the previous 2 trials (Aq:I and Aq:II). 
 
5.2.3 Sample collection and analysis 
All the animals in each treatment were fed from a single preweighed stock of both 
diets. At the end of each 2 week period the total food consumed by each group of 
animals was determined. Uneaten food and losses due to fragmentation and 
dissolution of pellets were not quantified. Therefore food consumption data is not 
absolute, but based on “virtual feed intake”.  
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Animals were weighed at 2 weekly intervals and moult increments were determined 
by weighing 3-5 days after each ecdysis. This period was considered a reasonable 
time to allow animals to enter the intermoult phase based on the scheme described 
by Burton and Mitchell (1987). 
 
After each moult the measurements indicated in Figure 5.1 were determined (to the 
nearest 0.02mm) using dial callipers (Smiec Pty. Ltd., Shanghai, China). Identical 
measurements were made on the animals in Aq:I (Chapter 3), but only once at the 
completion of the trial (and only to the nearest 0.05mm).  
 
At the termination of the experiment animals were not fed for 24-36 h. Intermoult 
animals (identified on the basis of their moult history and if necessary by uropod 
setal examination after Burton and Mitchell, 1987) were anaesthetised in ice, and the 
cheliepeds (at the proximal coxal joint), abdomen, and cephalothorax were separated 
and freeze-dried for 72 h to determine the moisture content and the relative 
contribution (dry weight) of each body part. Carcasses from animals in the 
intermoult phase were then pooled for each treatment, ground into a fine powder, 
and their proximate composition determined. The calcium content of each diet and 
of the carcasses was determined using a Hitachi Atomic Absorption 
Spectrophotometer (Model 6000), according to Gallagher et al. (1978). Total 
calcium consumption via the diet and the increase in carcass calcium during the 
period of the trial were determined. Animal biomass increase was subsequently 
corrected for the apparent quantity of calcium that was accumulated from water 
according to the following equation: 
BIca = BI - (CaCt - CaCi - CaCf) 
BIca: Ca corrected biomass increase (g).  
BI: biomass increase (g). 
CaCt: total carcass Ca after 20 weeks (g). 
CaCi: total carcass Ca at stocking (g). 
CaFf: total Ca intake from food (g). 
 
 
5.2.4 Statistical procedures 
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Length-weight relationships were represented by the power model, 
W = aLb, (Sokol, 1988b), where W = weight (g), L = ABL, OCL, or PL (mm). 
The constants, a and b were determined empirically for each length-weight 
comparison by using least squared regression analysis in the form, 
log10 y = log10 (a) + [x log10 (b)].  
Logarithmic transformation converts curvilinear relationships to linear ones (Figure 
5.2) and reduces heteroscedasticity (Sokal and Rohlf, 1981), subsequently 
permitting statistical comparisons among treatments to be made using analysis of 
covariance (ANCOVA; covariate = weight). 
 
Regression analyses were also performed for paired comparisons of log10 
transformed carapace, abdomen and propus length measurements. Comparisons 
within species and protein levels were made using ANCOVA. Data were then 
pooled and subjected to a 2-way ANCOVA to determine the overall effects and their 
interactions. 
 
To test the effect of dietary protein content and species-type on animal growth, a 
two way analysis of variance (ANOVA) was conducted using the MGLH module in 
SYSTAT (Wilkinson 1990). When significant differences were indicated (P<0.05), 
post-hoc pairwise comparisons (Day and Quinn, 1989) were made to identify which 
means were significantly different. Regression analyses were performed on moult 
increment and moult interval data to determine the influence that diet, species and 
animal size had on the moulting process. A logarithmic transformation marginally 
improved the fit of some models but in several comparisons a reduced fit was 
observed. Untransformed data were thus used in all regressions involving moult 
increment and moult interval. 
Food consumption data were linearized by a log10 +1 transformation on both axes. 
ANCOVA was conducted to determine the relationship between regression 
coefficients and elevations in comparisons involving moulting and food 
consumption. 
Final carcass abdomen, carapace and cheliped proportions were evaluated by one-
way ANOVA. 
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5.3 Results 
 
5.3.1 Water quality 
Tank water turnover time was about 42 min. Water temperature ranged from 20-
31°C with a mean of 24.6°C. Several extreme days during the trial resulted in the 
low minimum and high maximum water temperatures. Although such temperature 
variation may have influenced growth and feed utilisation to some degree a clear 
effect was not apparent and it was not evaluated in this study. Dissolved oxygen 
never fell below 7.6mg l-1 and pH was maintained above 8.0. Mean total water 
hardness was 295mg l-1 (as CaCO3). Nitrite was less than 0.04mg l-1, nitrate was 
approximately 10mg l-1, and unionised ammonia was less than 0.01mg l-1. Mean 
calcium and magnesium levels were 59.2mg l-1 and 35.0mg l-1 respectively. 
 
5.3.2 Growth response  
The growth response of animals cultured for 20 weeks is provided in Table 5.2 and 
Figure 5.3. Animals maintained on the 15% protein diet exhibited poor growth, 
while those fed the 30% protein diet grew substantially faster. MW, %WG and SGR 
were all significantly higher for C. albidus than for C. destructor after 10 weeks of 
feeding on the high protein diet, and after 20 weeks on the 15% protein diet. The 
largest animal (33.81g) was found in A30 treatment. 
 
The coefficients of variation for animal weight after 20 weeks were 27.7%, 25.1%, 
28.3%, and 31.9%, for A15, A30, D15 and D30 respectively. In previous work using 
shorter growth periods and communally grown, mixed sex, non-sibling animals, the 
coefficients of variation were substantially greater. The use of single sex siblings, 
housed in individual tanks, was effective in reducing the high level of variability in 
growth previously observed in Aq:I and Aq:II. 
 
 
 
 
 
5.3.3 Food consumption 
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Food consumption and food utilisation data are provided in Figure 5.4 and Table 5.3 
respectively. The initial apparent food consumption (% mean animal wt / day) was 
about 5% in all treatments, and decreased in a curvilinear fashion to approximately 
2.1% (A15), 2.4% (D15), 1.2% (A30), or 1.6% (D30). Power functions of the form,  
FC = aWb,  
were used with a relatively high degree of accuracy to describe the relationship 
between food consumption (FC) and animal weight (W), (Figure 5.4). ANCOVA 
revealed that food consumption was not a variable in this study. Linearized food 
consumption curves were not significantly different with respect to their regression 
coefficients and elevations. 
 
The FCR, PER, and ANPU were better for C. albidus than for C. destructor at both 
protein levels. The results also illustrate a more effective utilisation of nutrients in 
the 30% protein diet for both species. The most efficient conversion of food energy 
occurred in A30 where a very low FCR of 0.79, and a PER of 4.21 were obtained. A 
low FCR of 0.86 was also obtained after correcting for non-dietary calcium 
accumulation. Such a correction increased the FCRs by 2.4% (D30) to 8.9% (A30), 
while the PERs decreased by a similar amount. Corrections of this type assume the 
animals incorporate all the calcium from their diet into body tissue. Calcium losses 
via the exuviae were not estimated. 
 
5.3.4 Moulting 
Data for moult increment and intermoult period, and their relationship to the 
premoult weight of yabbies are provided in Tables 5.4 and 5.5 and Figure 5.5. The 
percentage weight increase at moult (%WI) was independent of the premoult weight 
(W) in all treatments. The mean %WI of yabbies fed the 30% protein diet (A30, 
61.26%; D30, 56.52%) was almost double the mean %WI of animals fed the low 
protein diet (A15, 33.08%; D15, 31.2%). It was also significantly greater for C. 
albidus than for C. destructor at 30% protein, but this was not the case for the low 
protein diet. 
 
The abdomen (ABL) and carapace (OCL) moult increments were dependent on the 
premoult weight (W) in both species fed the 30% protein diet. This was also the case 
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for the propus (PL) moult increments for C. albidus. PL increments in C. destructor 
however, were independent of the premoult weight. ABL and OCL moult 
increments decreased with size in both species, whereas PL moult increments 
increased in C. albidus. For the low protein diet, the only significant change in 
moult increment with size occurred for the OCL and PL in C. destructor (decreasing 
with size). No significant difference in moult increment (expressed in terms of 
weight, ABL, OCL and PL) occurred between species fed the low protein diet. 
However, for the 30% protein diet C. albidus had significantly larger ABL, OCL 
and PL moult increments than C. destructor. A comparison of similar sized animals 
(<8g), indicated that the 30% protein diet resulted in a substantial increase in the 
ABL, OCL, and PL moult increments for both species compared with the moult 
increments recorded for the low protein diet (the relative increases were, C. albidus: 
ABL, 81%; OCL, 58%; PL, 68%; C. destructor: ABL, 67%; OCL, 53%; PL, 57%). 
 
The intermoult period (IP) was highly dependent on the premoult weight (W) in all 
treatments. As the yabbies grew, the duration of the IP increased at a rate dependent 
on the diet and the species. The regression coefficients for IP versus W were 
significantly greater for the 15% protein diet than the 30% protein treatment for both 
species. Within each protein level the IP-W regression coefficients were also 
significantly larger in C. destructor than in C. albidus. A comparison of similar 
sized animals (<8g), revealed that the 30% protein diet resulted in a significant 
reduction of time spent in the intermoult phase for each species, relative to those 
animals fed the 15% protein diet (A15, 29.4 days; A30, 18.4 days; D15, 29.9 days; 
D30, 22.9 days). When fed the low protein diet, both species moulted with a similar 
frequency. However, on the 30% protein diet C. albidus spent significantly less time 
in the intermoult phase. Varying the diet caused a proportionately greater effect on 
the %WI, than on the IP for both species. The 30% protein diet resulted in a weight 
increment increase of 85.3% (C. albidus) and 81.2% (C. destructor), and a decrease 
in the intermoult period by 37.4% (C. albidus) and 23.4% (C. destructor) relative to 
the low protein diet.   
5.3.5 Morphometrics 
The results of the preliminary trial (Aq:I, Chapter 3) are presented in Tables 5.6 and 
5.7. Dietary protein content was the variable under consideration in the 
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morphometrics phase of this particular study. Therefore, animals feeding at each 
protein level were pooled for analysis. ANCOVA indicated that the slopes of the 
regressions for carapace (x) x abdomen (y) lengths were not significantly different 
for any comparison. The elevations however, were significantly lower for those 
animals fed the 15% protein diet compared with all other protein levels. Regressions 
for animals feeding on the 15% and 30% protein diets are provided in Figure 5.6. 
The results from this preliminary trial indicated that yabbies fed the low protein diet 
had relatively smaller tails than animals feeding on the 30% protein diet. A more 
comprehensive study (see below) was designed to further examine this apparent 
effect.   
 
Summary morphometric data for the stock population used in the second trial are 
presented in Table 5.8 and Figure 5.7. The animals used in this trial were 
morphologically distinct with respect to claw, tail and carapace dimensions. 
ANCOVA indicated that the ABL-W and OCL-W regression coefficients were 
significantly different between species. For all other comparisons the slopes were 
identical whereas the intercepts were all significantly different. The most obvious 
difference occurred in the relative dimensions of the tail and carapace. For animals 
of a fixed weight, C. albidus was longer in the abdomen and shorter in the carapace 
than C. destructor. When OCL was 10mm for example, ABL was 11.12mm for C. 
albidus and 10.12mm for C. destructor. These differences were maintained during 
the subsequent 20 week growth period and are discussed further below.  
 
The regression coefficients and intercepts for comparisons involving the abdomen, 
carapace, propus and weight, and the paired comparisons of treatments (species and 
diet) are provided in Table 5.9. Regressions for log10 transformed carapace (x) 
versus abdomen (y) lengths are provided in Figure 5.8. The regression coefficients 
for the ABL-W comparisons indicated positive allometry for weight in all 
treatments. That is the weight increased at a faster rate than the cube of the abdomen 
length (i.e. slope >3.0). The only significant difference in slope occurred between 
treatments A30 and D30. Positive allometry for weight in the OCL-W comparisons 
only occurred for yabbies that were fed the 30% protein diet. Animals fed the low 
protein diet exhibited negative allometry for carapace length relative to weight. 
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OCL-W regression coefficients were significantly different for all comparisons 
except A15 versus D15. In all treatments, yabbies displayed positive allometry for 
claw length relative to abdomen length, carapace length and total weight. The rate of 
growth of the carapace was greater than for the abdomen in all treatments. That is, 
the abdominal length experienced negative allometry relative to carapace length (i.e. 
regression coefficients were <1.0; the value for isometric growth). For yabbies fed 
the 15% protein diet, the regression coefficients for abdomen length versus carapace 
length were significantly lower and elevations were higher than for those animals 
fed the 30% protein diet.  
 
A morphometric comparison of similar sized animals (<8g) was also conducted in 
an attempt to reduce the potential effect of using discrete populations (see Figure 
5.9). The results are presented in Table 5.9a. The allometric trends (i.e. positive, 
negative, or isometric) for the various body parts were almost identical to those 
recorded using the entire sample population. The only major change to occur was in 
the OCL-W regression coefficients for animals fed the 30% protein diet (OCL and 
W now displayed isometric growth, i.e. slope = 3, rather than positive allometry for 
weight). Regression coefficients and intercepts for the OCL-ABL and OCL-W 
comparisons were the same as previously discussed except the regression 
coefficients for A30 x D30 were no longer significantly different. ABL-W 
comparisons were now dissimilar between the 2 diets for C. albidus, however no 
significant difference occurred between species. For comparisons involving the 30% 
protein diet, most of the regression coefficients for the claw measurements resulted 
in opposite outcomes to those previously discussed using the entire sample 
population. 
 
For the 30% protein diet, comparisons were made between 2 different size classes 
(0.94-8 g, and >8 g) to determine the allometric changes associated with growth. 
The results are presented in Table 5.9b. The level of allometry for all comparisons 
involving the chelae indicated an increase in relative propus length at weights >8 g. 
There was also a shift in favour of the carapace relative to the abdomen in the larger 
size class. The ABL- and OCL-weight relationships indicated an increase in the 
level of allometry for weight at sizes >8g. 
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The A15 x D15 length-length and length-weight comparisons all resulted in identical 
outcomes. No significant difference occurred for any slope comparison whereas 
elevations were all significantly different. Morphometrically these animals were 
more similar to the juveniles used to stock the experiment than with the animals fed 
the 30% protein diet, even after correcting for differences in sample distributions 
(i.e. by only using animals <8g). The most notable effect occurred in the OCL-W 
relationship. The weight of both the stock animals and those maintained on the low 
protein diet for 20 weeks, displayed negative allometry with respect to OCL (i.e. 
slope <3) whereas the animals fed the 30% protein diet exhibited positive allometry 
(all animals) or isometry (<8g) for weight. 
 
The results of a 2-way ANCOVA of carapace length versus abdomen length (OCL x 
ABL) are provided in Table 5.10. The effect of feeding on the low protein diet (i.e. a 
relatively smaller tail) was identical within each species (P = 0.14 for protein x 
species). Furthermore, no significant difference in slope occurred within protein 
levels ( P = 0.92 for species x OCL).  
 
5.3.6 Carcass analysis 
Yabbies fed the 2 diets were distinctively pigmented (based on a visual examination, 
refer to Figure 5.10). Animals fed the low protein diet were generally poorly 
pigmented, and in some cases slightly translucent. Animals fed the 30% protein diet 
developed a richer blue/blue-green (C. albidus) or brown/brown-green (C. 
destructor) colour. There was an obvious difference in the colour of the 2 species 
when fed the higher protein diet, however this was not noticeable with the 15% 
protein diet.  
 
Proximate composition data and the relative body proportions of animals (as % dry 
weight) are provided in Table 5.11 and Table 5.12 respectively. Overall carcass 
composition was influenced by diet, yet the difference between species was less 
pronounced. The 30% protein diet resulted in an increase in carcass protein and ash 
(absolute increase; C. albidus: 8.95% protein, 2.16% ash; C. destructor: 4.89% 
protein, 0.7% ash), and a decrease in carcass lipid and energy (absolute decrease; C. 
 82
albidus: 6.29% lipid, 0.61 kJ g-1 energy; C. destructor: 6.87% lipid, 0.94 kJ g-1 
energy) relative to the 15% protein diet. Differences between species feeding at a 
particular protein level were relatively small for all the parameters measured. 
Carcass moisture and calcium content were similar for all treatments. Comparison 
with the original stock indicated that carcass protein decreased and lipid levels 
increased during the 20 week growth period. The relative change in composition 
was dependent on the feed type.  
  
Animals maintained on the 30% protein diet had significantly larger chelipeds than 
those animals fed the low protein diet (A30, 13% larger; D30, 10% larger). At 30% 
protein, C. albidus had a smaller cephalothorax and larger chelipeds than C. 
destructor. For the low protein diet, the abdomen was significantly smaller in C. 
destructor. The chelipeds were removed from the analysis in order to illustrate the 
relative size of the cephalothorax and the abdomen. Significant differences in all 
parameter comparisons was the result. The abdomen was larger by 4.5% (C. 
albidus) and 3.2% (C. destructor) in animals fed the 30% protein diet compared 
with those maintained on the low protein diet. Also, C. albidus was relatively larger 
in the tail than C. destructor. 
 
5.4 Discussion 
 
The results of this study have shown that dietary induced morphological variation 
and shifts in allometric relationships occur for both C. albidus and C. destructor and 
that the dietary protein content appears to cause this effect. The most marked change 
occurred in the relative size of the abdomen and carapace. Changes in the moult 
increment and the intermoult period were also the result of a dietary shift and was 
exerted mainly through the moult increment. The developed 30% protein diet was 
very efficiently utilised and resulted in acceptable growth rates, particularly in C. 
albidus. On the basis of the results presented here, C. albidus appears to be the 
better candidate for commercial utilisation. 
In other decapods, the moult increment and the intermoult period are typically 
influenced by the size and reproductive stage of animals and by environmental 
factors such as temperature, food, space availability, and density (Breteler, 1975; 
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Aiken and Waddy, 1978: Van Olst and Carlberg, 1978; Aiken, 1980; Cobb et al., 
1982; Hartnoll, 1982; Bostford, 1985; Karplus et al., 1992a; Chen et al., 1995). The 
nutrient profile of food, specifically the protein content, is responsible for inducing 
changes to the moult increment and the intermoult period in C. albidus and C. 
destructor. This effect was exerted predominantly through the moult increment 
which was measured as an increase in weight or as an increase in the dimensions of 
specific body parts. Relative changes to the intermoult period were less significant. 
Dietary intake affects these components of growth in other decapods (e.g., Geddes et 
al., 1988; Aerfeldt, 1980; Hartnoll and Salama, 1992; Salama and Hartnoll, 1992). 
Contrary to the results obtained here however, Hartnoll and Salama (1992) reported 
that the composition of the diet of Palaemon elegans (Rathke) influenced both the 
moult increment and the intermoult period to a similar degree. The specific nutrients 
responsible for this effect were not discussed. Salama and Hartnoll (1992) also 
found, in another study on P. elegans, that a reduction in food intake had a greater 
influence on the intermoult period than on the moult increment, and that the relative 
effect was influenced by diet-type. Geddes et al. (1988) reported a similar effect in a 
study involving dietary restriction in C. destructor. Lowering the ration from 10% to 
3% per day, reduced the weight increment in 1g animals by approximately 38%, and 
increased the intermoult period by approximately 104%. A similar effect for C. 
albidus appears to occur based on a comparison of the results obtained in the present 
trial with those recorded elsewhere (refer to Chapter 6). Although an identical diet 
was used, in the present trial animals were fed once per day, whereas in the 
subsequent trial (Aq:IV) they were fed to satiation twice a day. Feeding to excess 
reduced the intermoult period by 19.2% and only increased the moult increment (as 
weight) by 9.5% (see discussion below). Feed composition and feed intake appear to 
affect growth in C. albidus by causing a disproportionate change in the moult 
increment and the moult interval respectively. In situations where high quality food 
is available but is in short supply, the growth strategy may favour an extended 
intermoult period.  
The degree to which each component of growth is affected by a change in the 
environment is species dependent and may even alter within the life cycle of an 
individual. It is clear that both components are usually affected, but the extent can 
vary considerably (Hartnoll, 1982). It is also apparent from the results of the present 
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study, that the relative effect of dietary modifications on moult increments 
(expressed in linear terms) can vary considerably depending on which region of the 
body is monitored. For example, a disproportionate change in the abdomen and 
carapace moult increment was apparent when the 15% and 30% protein diets were 
compared. In C. albidus and C. destructor respectively, the mean ABL increment 
was 81% and 67% greater at P30 than at P15, whereas the mean OCL increment was 
only 58% and 53% greater. Such disparity can lead to differences in relative body 
form/dimensions (see discussion below). 
 
The largest moult increments (as weight) and lowest intermoult periods recorded in 
this trial, were for C. albidus when fed the 30% protein diet (mean %WI = 61.3%, 
mean intermoult period = 22 days). However, better results have been recorded 
elsewhere in the present study. A comparison of animals reared on zooplankton (in 
Aq:IV, Chapter 6) with similar sized animals (<16g) fed diet P30 in the current trial, 
revealed a reduction in the intermoult period by 24.8% (5.2 days) and an increase in 
the apparent weight increment by 32.3% (absolute increase = 19.8%) by feeding on 
zooplankton. Geddes et al. (1988) reported mean weight increments as high as 69% 
in 1 g animals. In the present trial a maximum weight increment of 71.5% was 
recorded for a 1.7 g animal, however on a zooplankton diet (Chapter 6) apparent 
moult increments as high as 100-125% were recorded for animals weighing 0.7-1.0 
g.  
 
A mean OCL moult increment of 16.8% was recorded for C. albidus (<8g) at 30% 
protein (Table 5.4). Musgrove and Geddes (1995) reported an almost identical mean 
OCL moult increment of 16.7% for similar sized yabbies to those of the present 
study. Musgrove and Geddes’ animals were held in semi-natural conditions and fed 
a 35% protein diet every 3 days. 
 
 
Moult increments (in terms of weight) remained consistently high in animals fed the 
30% protein diet. Growth depression was not apparent in yabbies ranging in weight 
from about 1.3g to 20.7g. Based on regression analyses of log %OCL increment 
versus premoult OCL, Geddes et al. (1988) also reported the absence of growth 
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depression in 2 populations of C. destructor over a wide range of sizes, from small 
juveniles (0.3g) to mature adults (49g). In the present study when the moult 
increment data were analysed with reference to the OCL, growth depression was 
apparent (regression coefficients for log10OCL increment x premoult OCL: A15, -
0.003; A30, -0.005; D15, -0.02; D30, -0.004). On the basis of the small negative 
regression coefficients, Geddes concluded that yabbies do not show the growth 
reduction with size expected of a moderate-sized decapod. The results of the present 
study are generally consistent with this conclusion, however it is apparent that the 
diet of crayfish can significantly influence the growth reduction effect. This is 
particularly apparent in treatment D15 where growth depression was most rapid. 
Furthermore, the relationship between moult increment and size may vary 
depending on which parameters are used to monitor changes in moult increment 
through time (e.g., weight, OCL etc.) and a standardised procedure (possibly based 
on carapace length increments) should be adopted in future studies. The 
compensatory growth of the claws (particularly in C. albidus fed the 30% protein 
diet) was at least in part responsible for the absence of growth depression in terms of 
overall weight. The rate at which moult increments (weight or otherwise) decrease 
with size is a factor which may limit overall size in crayfish (Hartnoll, 1982, 1983). 
 
Length-weight condition indices are basic tools in fish culture management (Piper et 
al., 1982). In studies of crustaceans however, although length-weight relationships 
are widely employed, they are seldom used to describe fitness or physiological 
condition. They are more commonly used to characterise and identify unique 
attributes of stocks and populations and as predictive tools. The indeterminate 
growth pattern of crayfish imposes limitations on the use of condition indices based 
on length-weight relationships. For example, they convey no information about 
biochemical composition (e.g., moisture content) or nutrient partitioning (into 
gonads, hepatopancreas or elsewhere). To illustrate this point, in the present study 
condition indices were determined according to the formula,  
K = 25 x W/Lb (where, W = weight, g; L = length, mm; b = the growth exponent 
derived from length-weight regressions) which was used by Lindqvist and Lahti, 
(1983) for A. astacus. The resultant condition indices (using ABL-, OCL-, or PL-
weight data) for animals fed the higher protein diet were substantially lower than the 
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condition indices for animals fed the 15% protein diet (up to 48% lower using OCL-
weight regression data for C. albidus). All other indicators of physiological 
condition (e.g., pigmentation, protein utilisation, food conversion etc.) suggested the 
reverse and clearly the validity of this formula as a predictive tool for yabbies is 
questionable. 
 
Decapod crustaceans usually change in shape as they grow and the relative 
dimension of numerous structural features is largely determined by allometric 
relationships (Hartnoll, 1983). The level of allometry usually changes during 
development and appears to be both genetically and environmentally regulated 
although the mechanism which controls relative growth is unknown (Hartnoll, 
1982). A number of morphometric studies on yabbies (e.g., Sokol, 1988b; Geddes et 
al. 1988; Morrissy et al., 1990; Campbell et al., 1994) have focused on allometric 
relationships at the population level (both within and between species), but in most 
cases potential environmental effects are not considered (despite the fact that studies 
of this type often use mixed cohorts taken at different times and/or localities). Yet in 
the present study, it appears that variation in allometric relationships (or phenotype) 
can be the result of a change in environment (i.e. diet/protein availability). The most 
notable effects were seen in the ABL-weight, OCL-weight, and OCL-ABL 
relationships. Feeding on a low quality diet appeared to suppress the growth of the 
abdomen in favour of the carapace. This was probably also combined with a lower 
deposition of nutrients into other tissues and organs located in the cephalothorax 
(e.g., the hepatopancreas, refer to Chapter 9), such that the overall effect was a 
smaller weight at a fixed carapace length for animals fed the 15% protein diet. As 
the exoskeletal morphology of crustaceans reflects properties of the underlying 
muscle tissue (Smith and Palmer, 1994), it is reasonable to expect that a smaller 
abdomen would result in a reduction to the body protein content. The results for 
total carcass % protein support this contention. Following the moult in crayfish 
some mechanism must operate that modulates the degree of inflation of various 
body parts, and based on the results of this study and of others (e.g., Musgrove and 
Geddes, 1995), for the yabby, the “protein reserves” appear to play an essential role 
in this process. Musgrove and Geddes (1995) concluded that a substantial proportion 
of the protein accumulated between moults fuels the moulting process. Elevated 
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“protein reserves”, by feeding on a better (higher protein) diet, may be instrumental 
in effecting an increase to the moult increment. 
 
The differential increase in the size of the abdomen and carapace in yabbies fed the 
2 diets used in this study, may be regulated by nutrient (protein) reserves within the 
body and for the low protein diet may reflect a switch to a more conservative growth 
pattern that ensures the most effective distribution of resources. The apparent 
capacity of the yabby to partition resources in this way may permit growth to 
continue when food is scarce or is of poor quality and may ensure that nutrients are 
allocated to the most important structures first. This characteristic may have 
adaptive significance and possibly contributes to the survival of the yabby in 
habitats which are highly variable with respect to nutrient availability. Lindqvist and 
Lahti (1983) also concluded that food-type (during different seasons) can induce 
shifts in length-weight relationships in A. astacus, however data on nutrient 
availability were not presented, nor was the effect of size adequately considered. 
Stein (1976) found that there was a seasonal change in the relative size of the chelae 
in Orconectes propinquus (Girard), however did not identify the environmental cues 
that caused this effect (although it was mediated through reproduction). Huner et al. 
(1988) also reported for P. clarkii, that following the breeding season animals moult 
back to a quasi-juvenile form (with relatively smaller claws) but gave no 
explanation about how this shift is mediated. Perhaps the energetic drain of 
reproduction is sufficient to cause a shift in resource allocation. In insects, 
allometric shifts have also been shown to be the result of dietary modification (e.g., 
Bernays, 1986). In an excellent study by Smith and Palmer (1994), claw size and 
claw strength in C. productus was shown to be phenotypically plastic in response to 
variation in diet toughness. The radical difference between male morphotypes in M. 
rosenbergii also appears to be mediated through nutrition. Large blue-claw males 
suppress the growth (and probably the level of allometry) of small males (runts) by 
causing a reduction in food conversion efficiency (Karplus et al., 1992b). Plasticity 
of form in crustaceans appears to be intimately associated with diet and nutrition. 
C. albidus and C. destructor juveniles were allometrically distinctive from an early 
age and this was maintained for the entire trial. Sokol (1988b) also concluded that 
some allometric relationships (particularly those relating to abdomen size and 
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areolar width) were of value in delineating these species. However, the dietary 
induced shifts in allometry shown in the present study, raises some doubt about the 
reliability of such characters. In terms of the relative length of the abdomen and 
carapace, C. albidus maintained on the low protein diet would theoretically come to 
resemble C. destructor fed the 30% protein diet, at about 50mm OCL (weight = 70 
g). This size is well below the maximum weight of 250-350 g reported for yabbies 
(Morrissy et al., 1990; Merrick and Lambert, 1991). A similar outcome did not 
occur when propus length was assessed in the same way. The point of intersection of 
the PL-OCL regressions for A15 and D30, corresponded to a theoretical weight of 
647, which greatly exceeds the maximum reported size. These morphometric 
extrapolations assume that the recorded levels of allometry would be maintained at 
sizes larger than those obtained in this study and that growth would continue. Such 
assumptions require further evaluation. Taxonomic characters associated with the 
claw (at least in the male animals), may be under tighter genetic control than those 
associated with the tail. Indeed all the morphological features used by Campbell et 
al. (1994) to classify populations as either albidus- or destructor-type, were based 
on cheliped claw morphology (although they were ordered multistate characters). It 
was unfortunate that some of these characters were not monitored in the present 
study. 
 
Positive allometry for propus length relative to abdomen length, carapace length and 
total weight, was recorded in all of the treatments in this study. This is a general 
phenomenon observed in many decapod crustaceans, most notably in male animals 
(Hartnoll, 1974, 1982). Furthermore there is often an increase in the level of claw 
allometry (in males) at the onset of sexual maturity, which in some crayfish 
coincides with a single moult (the puberty moult; Hartnoll, 1982). In the present 
study, there was not an obvious breakpoint or shift in the level of claw allometry 
within any treatment when all the data for individual animals were pooled. However, 
in comparing different size classes (0.94-8g and >8g; Table 5.9b) within the 30% 
protein treatment, it appears that there was a significant allometric shift, particularly 
in C. albidus, favouring relatively larger claws in bigger animals. This is consistent 
with the observed increase in propus length at moult (as % premoult length) with 
size in C. albidus. Until similar growth studies are conducted using a wider size 
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range of animals, one can only speculate about developmental changes in yabby 
claw morphometry. Gu et al., (1994) reported a distinct change in claw allometry in 
C. quadricarinatus (at an OCL of about 42mm, or 46 g; using the length-weight 
relationship of Jones, 1989), and believes that the level of claw allometry is a useful 
indicator in identifying the puberty moult and therefore in defining size at sexual 
maturation in redclaw crayfish. However, Gu et al. (1994) did not provide data on 
any reproductive indices, and furthermore it has not been established whether 
freshwater crayfish do in fact undergo a single puberty moult as do many Brachyura 
(Hartnoll, 1974). The absence of clear inflection points in claw allometry in the 
present study, may indicate that all animals were still in a juvenile mode of growth 
but without information on maturation this is purely speculative. Animals smaller 
than those in the present study (<<30g) are typically reproductively competent 
(Smallridge, 1992; T. McRae, pers. comm.) but their relative body form is unknown. 
Without supportive data on reproductive development, the relationship between 
allometric shifts and maturation (and the presence/absence of a single puberty 
moult) in freshwater crayfish remains largely speculative. 
 
No clear difference in level of claw allometry (as PL-OCL relationships) was 
evident for animals <8g between the 2 diet-types. Slopes and intercepts were not 
significantly different between protein levels. The shift in favour of the claws at a 
size larger than 8g in the 30% protein treatment (see discussion above) could be the 
result of an increase in size rather than being dietary induced. Between species 
however, C. albidus had longer propus’ (PL) at a fixed carapace length than C. 
destructor at both protein levels, and larger chelipeds (as % final weight) at 30% 
protein. Relative claw size is clearly different for the 2 species. However, if claw 
size in the yabby is affected by changes in environmental conditions (such as diet), 
as appears to be the case in other decapod crustaceans, it is not clear within this 
study. Nevertheless on the basis that the tail appears to be allometrically “flexible” 
during early juvenile growth, it is possible that the claws may also have this capacity 
but it may be expressed at a larger size (particularly in males where claws are 
usually bigger than in females). Perhaps the early growth rate of the claws is 
maintained at some minimum threshold, and a positive shift in claw allometry 
during later growth only occurs if conditions are ideal. In a (nutrient) limited 
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environment this expansion may not occur and resources may be channelled 
preferentially elsewhere. Indeed, Hartnoll (1974) with reference to the Brachyura, 
concluded that premature increases in the size of structures that are intimately 
related to reproduction (i.e. claws and abdomen), represents a waste of resources. 
Stein, (1976) concluded that in male O. propinquus, that a reduction in relative 
chelae size during a seasonal moult (into a non-reproductive form) was an 
energetically sensible strategy. In the yabby, the importance of the claws in 
activities such as feeding, mating and agonistic encounters, remain largely unknown. 
 
The inverse curvilinear relationship obtained for percent food consumption and 
body weight is typical of the reduced metabolic requirement of larger animals (von 
Bertalanffy, 1938; Musgrove, 1993). Feed intake did not appear to be a variable in 
this study. The fact that the diets were isoenergetic tends to indicate that the animals 
were feeding in order to satisfy an energy requirement for metabolic processes such 
as maintenance and growth. Musgrove (1993) also suggested that C. destructor 
feeds in order to satisfy the demand for energy in animals ranging in size from 1-15 
g. Based on the slow growth and poor feed utilisation indices of animals fed the 15% 
protein diet, it appears that the energy needs of the animals were being satisfied 
before sufficient protein was ingested. The protein:energy (P:E) ratio of the 15% 
protein diet (8.2mg kJ-1) was too low to support maximum growth. P:E ratios have 
also been shown to be important in the growth of other crustaceans (refer to Chapter 
3). Although dietary protein varied considerably in absolute terms, significant 
differences in relative levels of amino acids probably also occurred, although this 
aspect was not assessed. Dietary protein quantity and/or quality is believed to be 
primarily responsible for the effects noted in this study, however differences in other 
components of the diets (lipid, ash and carbohydrate) were also apparent and their 
influence cannot be excluded. 
 
A considerable difference in the efficiency of feed utilisation was apparent between 
animals fed the 2 diets. The 30% protein diet resulted in a substantially lower FCR, 
a higher PER and better ANPU than the low protein diet. Differences between 
species feeding at a particular protein level were less substantial. C. albidus 
appeared to utilise both diets more effectively than C. destructor. The better growth 
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response and more efficient feed utilisation by C. albidus are important 
considerations when selecting between species for commercial culture, although the 
degree to which the differences recorded were at the family rather than at the species 
level remains unknown. Further work is necessary to determine the site specific 
requirements (e.g., temperature) of each species and the degree of genetic variability 
in traits such as growth and feed utilisation before definitive recommendations can 
be made. The progeny from only 2 females were used in this study and considering 
the wide variation in growth rates reported at the family and stock level in other 
crayfish species (e.g. Hedgecock and Nelson, 1978, for Homarus sp.; Gu et al., 1995 
for C. quadricarinatus) the results of the present study must be interpreted 
cautiously.   
 
The 30% protein diet developed in this study was based on a variety of plant 
(soybean meal and wheat products) and animal (fish meal and yabby meal) 
ingredients. It resulted in good growth rates and has been shown to be digested 
efficiently and well utilised in several separate trials (refer to Chapter 6, 7 and 8). 
The growth response of C. albidus compares favourably with that obtained in a 
subsequent trial on the same diet (in Aq:IV, Chapter 6) where an almost identical 
growth curve was obtained to week 8 (compare with Figure 6.1). The most rapid 
growth in C. albidus however, has been recorded in animals fed a diet consisting 
entirely of zooplankton (refer to Chapter 6, Jones et al., 1995). The growth 
enhancing characteristics of freshwater zooplankton are well recognised and are 
discussed in further detail elsewhere (Chapter 6). Further nutrition studies are 
essential to identify the growth promoting properties of natural foods such as these, 
in an endeavour to maximise the growth potential of C. albidus and C. destructor 
when fed artificial diets. 
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1. Dietary induced morphological variation and shifts in allometric relationships 
were apparent in the present study for both species. The most marked changes 
occurred in the relative size of the abdomen and carapace. Phenotypic plasticity 
of this type may have an important role in the evolutionary process and this 
should be further addressed in subsequent studies of crayfish. 
2. The 30% protein diet used in this trial was based on fish meal, soybean meal, 
refined wheat products and a crustacean (yabby) meal. It resulted in a good 
growth response and was very effectively utilised (particularly by C. albidus), 
even after correcting for non-dietary calcium accumulation, and should now be 
evaluated in comparison to other more natural feed-types. It should also be 
assessed in simulated pond production environments.  
3. On the basis of the growth performance, feed utilisation, and morphological data 
of the present trial, C. albidus is a better candidate for commercial culture than C. 
destructor. Other important characteristics, such as fecundity, age at maturity, 
behaviour, consumer acceptability, and temperature tolerance, require thorough 
evaluation, preferably in simultaneously run trials, before a final recommendation 
can be made. Furthermore, a comprehensive stock evaluation program is required 
to determine the extent of variability in important aquacultural traits both within 
and between species. This will  enable the identification and further development 
of  lines that exhibit the characteristics demanded of a commercially successful 
species.  
Table 5.1  
The ingredient composition of the test diets (a), and the proximate 
composition of the ingredients and the test diets (b). 
 
(a) Ingredients (% dry weight)  
_______________________________________________________________________________ 
 
Diet1   Fish Yabbie Soy. Wheat Wheat Wheat Fish Corn Vit/mins2
  Meal Meal Meal Starch Flour Bran Oil Oil  
_______________________________________________________________________________ 
 
A15/D15    3.0   3.0   6.0 9.0 65.0 10.0 1.90 1.90 0.20 
A30/D30  10.0 10.0 24.0 4.0 34.1 15.0 1.35 1.35 0.20 
_______________________________________________________________________________ 
 
(b) Proximate composition (% dry weight) 
  
 Ingredients      Test diets                         
_______________________________________________________________________________ 
 Fish Yabbie Soy Starch Flour Bran A15/D15       A30/D30 
 meal meal meal 
_______________________________________________________________________________ 
 
Protein   72.96 49.89 50.85   0.37 10.92 17.62 15.02     30.10 
Lipid       5.12   6.80   1.59   0.04   0.59   3.80   2.99       4.57 
Ash        16.82 28.58   6.93   0.21   0.55   6.39   2.73       7.10 
Fibre       0.10 10.47   5.88   0.08   0.31   9.79   1.79       4.01 
Moist.      9.38   5.45 11.14 10.38 12.22 13.10   8.60       8.52 
NFE3   5.09   4.26 34.75 99.30 87.63 62.40 77.47     54.22 
Energy(kJ g-1 ) 18.05 15.81 20.24 18.05 18.81 19.53 18.35     19.00 
_______________________________________________________________________________ 
1: A15/A30; C. albidus, 15 and 30% protein diets  
    D15/D30 ; C. destructor, 15 and 30% protein diets  
2: Vitamin/mineral mix: Aqua-feed Pty. Ltd. (Deception Bay, Qld., Australia) 
3: Nitrogen-free extract, NFE = 100 - (%protein + %lipid + %fibre + %ash). 
 
 
 
T
ab
le
 5
.2
  
G
ro
w
th
 re
sp
on
se
 o
f C
. a
lb
id
us
 a
nd
 C
. d
es
tr
uc
to
r a
fte
r 2
0 
w
ee
ks
 
of
 fe
ed
in
g 
on
 d
ie
ts
 c
on
ta
in
in
g 
15
%
 a
nd
 3
0%
 p
ro
te
in
. 
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
_ 
 Tr
ea
t. 
Su
rv
. 
In
iti
al
 
Fi
na
l w
ei
gh
t (
g)
   
   
   
   
   
   
   
  
 %
W
G
a 
SG
R
b   
   
 
(%
) 
w
ei
gh
t  
M
in
 
M
ax
 
M
ea
n 
 
  
(%
) 
 
 
 
 
   
(g
) 
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
_ 
 A
15
 
10
0 
0.
94
 ±
0.
03
 
  2
.2
3 
  7
.5
7 
  4
.9
6 
±0
.3
0a
  
 4
41
.5
 ±
40
.1
a  
1.
16
 ±
0.
06
a  
 
 
 
A
30
 
10
0 
0.
94
 ±
0.
03
 
12
.8
6 
33
.8
1 
23
.6
8 
±1
.2
9b
 2
46
2.
1 
±1
56
.4
b  
2.
29
 ±
0.
05
b  
 
 
D
15
 
  9
5 
0.
95
 ±
0.
02
 
  2
.3
9 
  6
.9
9 
  4
.0
7 
±0
.2
5c
  
 3
34
.7
 ±
29
.0
c  
1.
02
 ±
0.
05
c  
 
 
D
30
 
10
0 
0.
95
 ±
0.
02
 
  7
.7
0 
24
.3
3 
14
.2
1 
±0
.9
9d
 1
40
3.
8 
±1
04
.1
d  
1.
90
 ±
0.
05
d  
 
 
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
_ 
 
V
al
ue
s (
± 
se
) w
ith
 th
e 
sa
m
e 
su
pe
rs
cr
ip
t a
re
 n
ot
 si
gn
ifi
ca
nt
ly
 d
iff
er
en
t (
P>
0.
05
). 
a:
 %
W
G
 (p
er
ce
nt
ag
e 
w
ei
gh
t g
ai
n)
 =
 (f
in
al
 w
t -
 in
iti
al
 w
t) 
x 
10
0 
/ i
ni
tia
l w
t  
b:
 S
pe
ci
fic
 G
ro
w
th
 R
at
e 
= 
(L
n 
w
ei
gh
t t
im
e 
t -
 L
n 
w
ei
gh
t t
im
e 
0)
 x
 1
00
 / 
tim
e 
t 
  
T
ab
le
 5
.3
 
 F
ee
d 
ut
ili
sa
tio
n 
by
 C
. a
lb
id
us
  a
nd
 C
. d
es
tr
uc
to
r d
ur
in
g 
20
 w
ee
ks
 o
f g
ro
w
th
   
on
 d
ie
ts
 c
on
ta
in
in
g 
15
%
 a
nd
 3
0%
 p
ro
te
in
.  
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
_ 
  
 
W
ee
k 
 
   
   
   
   
   
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
 
FC
R
3   
  
PE
R
4  %
 
 
A
N
PU
5  
Tr
ea
t. 
 
0 
2 
4 
6 
8 
10
 
12
 
14
 
16
 
18
 
 
C
a 
 
 
C
a 
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
_ 
A
15
 
M
W
1  
0.
94
 
1.
51
 
1.
90
 
2.
10
 
2.
52
 
2.
80
 
3.
22
 
3.
57
 
4.
04
 
4.
42
 
 
 
FC
2  
5.
18
 
3.
83
 
4.
60
 
4.
13
 
2.
83
 
2.
66
 
2.
87
 
2.
41
 
2.
36
 
2.
08
 
2.
53
 
2.
68
 
 
2.
64
 
2.
48
 
 
21
.8
3 
A
30
 
M
W
 
0.
94
 
1.
61
 
2.
53
 
4.
02
 
5.
96
 
7.
33
 
10
.3
0 
12
.2
3 
16
.0
9 
18
.5
3 
 
 
FC
 
4.
86
 
3.
42
 
3.
87
 
2.
98
 
1.
81
 
1.
84
 
1.
74
 
1.
63
 
1.
53
 
1.
17
 
0.
79
 
0.
86
 
 
4.
21
 
3.
86
 
 
44
.6
4 
D
15
 
M
W
 
0.
95
 
1.
51
 
2.
02
 
2.
20
 
2.
56
 
2.
79
 
3.
00
 
3.
14
 
3.
67
 
3.
89
 
 
 
FC
 
4.
89
 
3.
65
 
4.
13
 
3.
76
 
2.
79
 
2.
55
 
2.
94
 
2.
74
 
2.
59
 
2.
36
 
3.
13
 
3.
32
 
 
2.
10
 
2.
01
 
 
18
.7
1 
D
30
  
M
W
 
0.
95
 
1.
66
 
2.
60
 
3.
85
 
5.
39
 
6.
10
 
7.
57
 
8.
86
 
9.
94
 
12
.1
1 
 
 
FC
 
4.
81
 
3.
32
 
3.
77
 
3.
11
 
2.
01
 
2.
06
 
2.
07
 
1.
92
 
2.
14
 
1.
64
 
1.
25
 
1.
28
 
 
2.
67
 
2.
60
 
 
30
.7
3 
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
_ 
1:
 M
ea
n 
w
ei
gh
t a
t b
eg
in
ni
ng
 o
f t
w
o 
w
ee
k 
fe
ed
 p
er
io
d 
2:
 F
oo
d 
co
ns
um
pt
io
n 
= 
%
 o
f m
ea
n 
an
im
al
 w
ei
gh
t c
on
su
m
ed
 d
ur
in
g 
th
e 
fe
ed
 p
er
io
d 
 
   
 V
al
ue
s w
er
e 
de
te
rm
in
ed
 u
si
ng
 th
e 
to
ta
l f
oo
d 
co
ns
um
pt
io
n 
by
 th
e 
21
 y
ab
bi
es
 in
 e
ac
h 
tre
at
m
en
t o
n 
a 
fo
rtn
ig
ht
ly
 b
as
is
. 
3:
 F
C
R
 (f
oo
d 
co
nv
er
si
on
 ra
tio
) =
 d
ry
 w
ei
gh
t f
oo
d 
co
ns
um
ed
 / 
w
et
 w
ei
gh
t b
io
m
as
s i
nc
re
as
e 
(g
) 
4:
 P
ER
 (p
ro
te
in
 e
ff
ic
ie
nc
y 
ra
tio
) =
 w
et
 w
ei
gh
t b
io
m
as
s i
nc
re
as
e 
(g
) /
 p
ro
te
in
 c
on
su
m
ed
 (g
) 
5:
 A
N
PU
 (%
 a
pp
ar
en
t n
et
 p
ro
te
in
 u
til
is
at
io
n)
 =
 (f
in
al
-in
iti
al
 c
ar
ca
ss
 p
ro
te
in
; g
) X
 1
00
 / 
dr
y 
pr
ot
ei
n 
in
ta
ke
 (g
) 
C
a:
 C
or
re
ct
ed
 fo
r n
on
-d
ie
ta
ry
 c
al
ci
um
 a
cc
um
ul
at
io
n.
  
T
ab
le
 5
.4
  
M
ou
lt 
in
cr
em
en
t a
nd
 in
te
rm
ou
lt 
pe
rio
d 
( ±
se
) i
n 
C
. a
lb
id
us
 a
nd
 C
. d
es
tr
uc
to
r  
fe
d 
di
et
s c
on
ta
in
in
g 
15
%
 o
r 3
0%
 p
ro
te
in
 d
ie
ts
 fo
r 2
0 
w
ee
ks
1 . 
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
   
  
  
 
Tr
ea
t. 
  
M
ea
n 
m
ou
lt2
 (±
se
) 
 
 
 
 
 
 
   
   
   
   
   
    
   
   
   
 
N
o.
 
IP
 (d
ay
s)
 
W
I (
%
) 
A
B
L 
(%
) 
O
C
L 
(%
) 
PL
 (%
) 
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
 
A
ll 
an
im
al
s 
 
 
 
 
 
 
 
 
 
A
15
  
5.
0 
29
.3
6 
±0
.9
9a
 
33
.0
8 
±0
.7
4a
 
  9
.0
0 
±0
.2
6a
 
10
.5
9 
±0
.2
1a
 
13
.2
7 
±0
.3
4a
A
30
  
6.
6 
21
.9
8 
±0
.6
4b
 
61
.2
6 
±0
.4
0b
 
15
.6
3 
±0
.1
9b
 
16
.2
3 
±0
.1
4b
 
23
.3
3 
±0
.2
5b
D
15
  
4.
6 
29
.9
3 
±1
.3
1a
 
31
.2
0 
±1
.1
8a
 
  9
.0
5 
±0
.3
0a
 
10
.3
2 
±0
.3
0a
 
13
.2
3 
±0
.3
9a
D
30
  
5.
6 
24
.9
8 
±1
.0
8c
 
56
.5
2 
±0
.6
3c
 
14
.9
5 
±0
.1
2c
 
15
.6
9 
±0
.1
8c
 
20
.9
5 
±0
.2
3c
 
 
 
 
 
 
 
 
 
 
<8
 g
ra
m
s 
 
 
 
 
 
 
A
30
 
--
- 
18
.4
1 
±0
.4
0b
 
61
.0
1 
±0
.5
7b
 
16
.3
3 
±0
.1
9b
 
16
.7
5 
±0
.1
6b
 
22
.3
0 
±0
.2
6b
 
 
D
30
 
--
- 
22
.9
0 
±1
.0
8c
 
56
.4
9 
±0
.7
0c
 
15
.0
8 
±0
.2
0c
 
15
.8
3 
±0
.1
9c
 
20
.7
9 
±0
.2
5c
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
__
 
1:
 A
na
ly
si
s i
nc
lu
de
s a
ll 
an
im
al
s a
nd
 a
ls
o 
co
m
pa
ris
on
s o
f a
ni
m
al
s <
8g
  
   
 (i
.e
. s
im
ila
r w
ei
gh
t d
is
tri
bu
tio
ns
). 
 
2:
 A
B
L 
(a
bd
om
in
al
 le
ng
th
 in
cr
em
en
t, 
%
), 
O
C
L 
(o
rb
ita
l c
ar
ap
ac
e 
le
ng
th
 in
cr
em
en
t, 
%
), 
 
   
 P
L,
 (p
ro
pu
s l
en
gt
h 
in
cr
em
en
t, 
%
), 
IP
 (i
nt
er
m
ou
lt 
pe
rio
d,
 d
ay
s)
, W
I (
w
ei
gh
t i
nc
re
m
en
t, 
%
)  
V
al
ue
s w
ith
 th
e 
sa
m
e 
su
pe
rs
cr
ip
t w
ith
in
 e
ac
h 
si
ze
 g
ro
up
 a
re
 n
ot
 si
gn
ifi
ca
nt
ly
 d
iff
er
en
t (
P>
0.
05
) 
Table 5.5 
Relationship between moult increment and intermoult period and premoult weight in  
C. albidus and C. destructor fed diets containing 15 % or 30% protein for 20 weeks. 
__________________________________________________________________________  
Regression1    
(X x Y) Regression values (±se)                Comparison (ANCOVA): P values  
Treat.   slope intercept  R2  Slope Elevation 
__________________________________________________________________________ 
W x WI       
A15    0.28 ±0.75* 32.37 ±2.03 0.00 A15 x A30 0.73* 0.00 
A30    0.06 ±0.09* 60.90 ±0.72 0.00 D15 x D30 0.04 -----  
D15  -2.57 ±1.36* 38.29 ±3.25 0.05 A15 x D15 0.06* 0.11*  
D30  -0.11 ±0.21* 57.02 ±1.17 0.00 A30 x D30 0.44* 0.00 
         
W x IP       
A15    4.49 ±0.89 17.85 ±2.39 0.24 A15 x A30 0.00 ---- 
A30    1.32 ±0.05 13.72 ±0.40 0.86 D15 x D30 0.00 ---- 
D15    9.66 ±1.28   7.54 ±3.08 0.46 A15 x D15 0.00 ---- 
D30    2.61 ±0.25 12.99 ±1.35 0.54 A30 x D30 0.00 ----  
         
W x OCL      
A15 -0.19 ±0.21* 11.07 ±0.57 0.01 A15 x A30 0.99* 0.00 
A30  -0.19 ±0.02 17.42 ±0.18 0.37 D15 x D30 0.07* 0.00 
D15  -0.80 ±0.39 12.14 ±0.93 0.06 A15 x D15 0.15* 0.32* 
D30  -0.19 ±0.06 16.56 ±0.31 0.11 A30 x D30 0.99* 0.00 
       
W x ABL      
A15   0.25 ±0.26*   8.37 ±0.70 0.01 A15 x A30 0.02 ---- 
A30  -0.26 ±0.03 17.24 ±0.23 0.40 D15 x D30 0.85* 0.00 
D15  -0.26 ±0.40*   9.64 ±0.95 0.01 A15 x D15 0.27* 0.87* 
D30  -0.20 ±0.06 15.86 ±0.31 0.12 A30 x D30 0.35* 0.00 
        
W x PL      
A15    0.25 ±0.34* 12.69 ±0.93 0.01 A15 x A30 0.67* 0.00 
A30    0.36 ±0.04 21.06 ±0.31 0.42 D15 x D30 0.01 ---- 
D15  -1.07  ±0.49 15.65 ±1.18 0.07 A15 x D15 0.03 ---- 
D30    0.07 ±0.08* 20.61 ±0.42 0.01 A30 x D30 0.00 ---- 
__________________________________________________________________________  
1: ABL (abdominal length increment, %), OCL (orbital carapace length increment, %),  
    PL, (propus length increment, %), IP (intermoult period (days), 
    WI (weight increment, %) and W (premoult weight, g) 
* not significant (P>0.05) 
Table 5.6 
Summary statistics for carapace (OCL) and abdomen (ABL) lengths  
for yabbies fed diets containing various protein levels for 59 days. 
_______________________________________________________________________ 
Diet type1 N mean (±se) __________ Regression2 (OCL x ABL; x,y)  
  OCL (mm) ABL (mm) Slope (±se) Intercept (±se) R2 
  
_______________________________________________________________________ 
P15 54 15.81 ±0.34 15.36 ±0.30 0.898 ±0.02 0.110 ±0.02 0.98 
P20 57 18.20 ±0.53 18.04 ±0.47 0.885 ±0.02 0.143 ±0.02 0.98 
P25 59 19.14 ±0.49 19.02 ±0.42 0.856 ±0.02 0.182 ±0.02 0.98 
P30 53 21.18 ±0.55 20.91 ±0.49 0.879 ±0.02 0.156 ±0.02 0.98 
_______________________________________________________________________ 
1: see Table 3.2 for formulation details 
2: log10 transformed abdomen and carapace lengths,  
* all slopes and intercepts are significant (P<0.05)  
 
 
 
 
 Table 5.7 
 Results of analyses of covariance comparing animals feed 
 diets containing different protein levels for log10 carapace  
 length (OCL, x) in relation to abdomen length (ABL, y).  
 ____________________________________________ 
 Comparison Parameter (P-value)___  
   Slope Elevation 
 ____________________________________________ 
 All  0.38 0.00* 
 P15 x P20 0.58 0.00*   
 P15 x P25 0.07 0.00* 
 P15 x P30 0.45 0.00* 
 P20 x P25 0.19 0.05 
 P20 x P30 0.80 0.01 
 P25 x P30 0.34 0.21  
 P20 x P25 x P30 0.42 0.01    
 ____________________________________________ 
 * significantly different (P<0.01) 
 
 
Table 5.8 
Regression equations and associated statistics for paired comparisons of log10 transformed  
abdomen, carapace and propus lengths and total weight for C. albidus (C.a.) 
and C. destructor (C.d.) sampled from the population prior to stocking. 
____________________________________________________________________________  
Regression1    
(X x Y) Regression values2 (±se)               Comparison (ANCOVA): P- values      
Treat. slope intercept  R2  Slope Elevation 
____________________________________________________________________________ 
OCL x ABL       
C.a.  0.874 ±0.045 0.172 ±0.048 0.87 C.a. x C.d. 0.65* 0.00 
C.d. 0.840 ±0.056 0.165 ±0.061 0.84  
         
ABL x W        
C.a.   2.439 ±0.145 -2.710 ±0.145 0.86 C.a. x C.d. 0.02 --- 
C.d.  2.964 ±0.158 -3.212 ±0.172 0.89 
        
OCL x W       
C.a.   2.352 ±0.096 -2.530 ±0.104 0.91 C.a. x C.d. 0.03 --- 
C.d.   2.717 ±0.144 -2.971 ±0.158 0.89      
  
 
PL x OCL       
C.a.    0.864 ±0.041 0.251 ±0.039 0.89 C.a. x C.d. 0.11* 0.00 
C.d.   0.758 ±0.052 0.377 ±0.050 0.83 
       
PL x ABL       
C.a.    0.743 ±0.057 0.403 ±0.057 0.75 C.a. x C.d. 0.79* 0.00 
C.d.   0.621 ±0.067 0.497 ±0.064 0.66 
       
PL x W       
C.a.    2.080 ±0.116 -1.986 ±0.111 0.85 C.a. x C.d. 0.95* 0.00 
C.d.   2.093 ±0.177 -1.977 ±0.169 0.76 
____________________________________________________________________________  
1: Mean regression coefficients for log10 transformed ABL (abdominal length, mm),  
    OCL (orbital carapace length, mm), PL, (propus length, mm), and W (weight, g) 
2: All regression slopes and intercepts are significant (P<0.01) 
*  not significant (P>0.05) 
Table 5.9 
Regression equations and associated statistics for paired comparisons of log10 transformed 
abdomen, carapace and propus lengths and total weight for 21 male C. albidus and  
C. destructor fed diets containing 15% or 30% protein for 20 weeks. 
___________________________________________________________________________  
Regression1     
(X x Y) Regression values2(±se)                    Comparison (ANCOVA):P value 
Treat. slope intercept  R2  Slope Elevation 
___________________________________________________________________________ 
OCL x ABL        
A15  0.874 ±0.009 0.161 ±0.011 0.99 A15 x A30 0.00 ----  
A30  0.964 ±0.003 0.070 ±0.005 0.99 D15 x D30 0.00 ----  
D15  0.892 ±0.011 0.096 ±0.014 0.99 A15 x D15 0.22* 0.00   
D30  0.948 ±0.007 0.035 ±0.009 0.99 A30 x D30 0.03 ----   
         
ABL x W        
A15  3.243 ±0.030 -3.573 ±0.037 0.99 A15 x A30 0.49* 0.00  
A30  3.269 ±0.016 -3.636 ±0.022 0.997 D15 x D30 0.28* 0.00  
D15  3.156 ±0.035 -3.379 ±0.042 0.996 A15 x D15 0.06* 0.00  
D30  3.203 ±0.019 -3.446 ±0.025 0.99 A30 x D30 0.01 ----   
       
OCL x W        
A15 2.856 ±0.019 -3.075 ±0.023 0.996 A15 x A30 0.00 ---- 
A30  3.157 ±0.012 -3.414 ±0.016 0.998 D15 x D30 0.00 ---- 
D15  2.842 ±0.025 -3.110 ±0.031 0.99 A15 x D15 0.65* 0.00 
D30  3.049 ±0.015 -3.349 ±0.020 0.997 A30 x D30 0.00 ---- 
       
PL x OCL        
A15  0.794 ±0.011 0.320 ±0.013 0.98 A15 x A30 0.00 ---- 
A30  0.716 ±0.006 0.409 ±0.007 0.99 D15 x D30 0.33* 0.08* 
D15  0.790 ±0.016 0.350 ±0.018 0.96 A15 x D15 0.86* 0.00 
D30  0.772 ±0.008 0.367 ±0.010 0.99 A30 x D30 0.00 ---- 
        
PL x ABL         
A15  0.695 ±0.011 0.440 ±0.013 0.97 A15 x A30 0.71* 0.00 
A30  0.690 ±0.006 0.465 ±0.008 0.99 D15 x D30 0.10* 0.00 
D15  0.709 ±0.015 0.403 ±0.017 0.96 A15 x D15 0.45* 0.00  
D30  0.736 ±0.007 0.379 ±0.008 0.99 A30 x D30 0.00 ----  
       
PL x W      
A15  2.278 ±0.028 -2.173 ±0.032 0.99 A15 x A30 0.74* 0.00 
A30  2.267 ±0.012 -2.132 ±0.016 0.996 D15 x D30 0.01 ----- 
D15  2.267 ±0.039 -2.140 ±0.043 0.97 A15 x D15 0.82* 0.00 
D30  2.366 ±0.016 -2.244 ±0.020 0.995 A30 x D30 0.00 ---- 
___________________________________________________________________________ 
1: ABL (abdominal length, mm), OCL (orbital carapace length, mm),  
    PL, (propus length, mm), and W (weight, g) 
2: All regression slopes and intercepts are significant (P<0.01) 
*  not significant (P>0.05) 
Table 5.9a 
Regression equations and associated statistics for paired comparisons of log10 transformed 
abdomen, carapace and propus lengths and total weight for 21 male C. albidus and  
C. destructor (<8g) fed diets containing 15% or 30% protein for 20 weeks. 
___________________________________________________________________________  
Regression1     
(X x Y) Regression values2(±se)                    Comparison (ANCOVA):P value 
Treat. slope intercept  R2  Slope Elevation 
___________________________________________________________________________ 
OCL x ABL        
A15  0.874 ±0.009 0.161 ±0.011 0.99 A15 x A30 0.00 ----  
A30  0.974 ±0.007 0.058 ±0.009 0.996 D15 x D30 0.00 ----  
D15  0.892 ±0.011 0.096 ±0.014 0.99 A15 x D15 0.22* 0.00   
D30  0.958 ±0.012 0.023 ±0.015 0.99 A30 x D30 0.23* 0.00  
         
ABL x W        
A15  3.243 ±0.030 -3.573 ±0.037 0.99 A15 x A30 0.00 ----  
A30  3.070 ±0.019 -3.387 ±0.024 0.997 D15 x D30 0.32* 0.00  
D15  3.156 ±0.035 -3.379 ±0.042 0.996 A15 x D15 0.06* 0.00  
D30  3.110 ±0.029 -3.333 ±0.036 0.99 A30 x D30 0.25* 0.00   
       
OCL x W        
A15 2.856 ±0.019 -3.075 ±0.023 0.996 A15 x A30 0.00 ---- 
A30  2.999 ±0.014 -3.221 ±0.017 0.998 D15 x D30 0.00 ---- 
D15  2.842 ±0.025 -3.110 ±0.031 0.99 A15 x D15 0.65* 0.00 
D30  3.000 ±0.024 -3.289 ±0.030 0.995 A30 x D30 0.97* 0.00 
       
PL x OCL        
A15  0.794 ±0.011 0.320 ±0.013 0.98 A15 x A30 0.56* 0.87* 
A30  0.802 ±0.009 0.310 ±0.011 0.99 D15 x D30 0.61* 0.06* 
D15  0.790 ±0.016 0.350 ±0.018 0.96 A15 x D15 0.86* 0.00 
D30  0.780 ±0.013 0.358 ±0.016 0.98 A30 x D30 0.17* 0.00 
        
PL x ABL         
A15  0.695 ±0.011 0.440 ±0.013 0.97 A15 x A30 0.00 ---- 
A30  0.781 ±0.011 0.360 ±0.013 0.98 D15 x D30 0.02 0.00 
D15  0.709 ±0.015 0.403 ±0.017 0.96 A15 x D15 0.45* 0.00  
D30  0.754 ±0.011 0.358 ±0.013 0.98 A30 x D30 0.08* 0.00  
        
PL x W      
A15  2.278 ±0.028 -2.173 ±0.032 0.99 A15 x A30 0.00 ---- 
A30  2.410 ±0.026 -2.296 ±0.031 0.996 D15 x D30 0.05* 0.07* 
D15  2.267 ±0.039 -2.140 ±0.043 0.97 A15 x D15 0.82* 0.00 
D30  2.360 ±0.029 -2.237 ±0.033 0.99 A30 x D30 0.20* 0.93* 
___________________________________________________________________________ 
1: ABL (abdominal length, mm), OCL (orbital carapace length, mm),  
    PL, (propus length, mm), and W (weight, g) 
2: All regression slopes and intercepts are significant (P<0.01) 
* not significant (P>0.05) 
Table 5.9b 
Regression equations and associated statistics for length-weight and length-length  
relationships for 2 size classes of male C. albidus and C. destructor  
fed a diet containing 30% protein for 20 weeks. 
_________________________________________________________________    
 Size class  
                 0.94 - 8 g       >8 g   
 
Regression1 Regression values (±se)              
(X x Y) slope intercept  R2  slope intercept  R2
Treat.        
_________________________________________________________________________ 
        
OCL x ABL        
A30  0.974 ±0.007 0.058 ±0.009 0.996 0.930 ±0.014  0.119 ±0.021 0.99 
D30  0.958 ±0.012 0.023 ±0.015 0.99 0.919 ±0.037  0.077 ±0.053* 0.95 
         
ABL x W        
A30  3.070 ±0.019 -3.387 ±0.024 0.997 3.658 ±0.065 -4.206 ±0.097 0.98 
D30  3.110 ±0.029 -3.333 ±0.036 0.99 3.302 ±0.104 -3.579 ±0.146 0.97 
       
OCL x W       
A30  2.999 ±0.014 -3.221 ±0.017 0.998 3.437 ±0.046 -3.819 ±0.067 0.99  
D30  3.000 ±0.024 -3.289 ±0.030 0.995 3.122 ±0.086 -3.453 ±0.124 0.98 
        
PL x OCL        
A30  0.802 ±0.009 0.310 ±0.011 0.99 0.602 ±0.014 0.575 ±0.021 0.97  
D30  0.780 ±0.013 0.358 ±0.016 0.98 0.689 ±0.035 0.485 ±0.048 0.93 
        
PL x ABL        
A30  0.781 ±0.011 0.360 ±0.013 0.98 0.561 ±0.015 0.652 ±0.023 0.96 
D30  0.754 ±0.011 0.358 ±0.013 0.98 0.652 ±0.030 0.496 ±0.042 0.94 
       
PL x W       
A30  2.410 ±0.026 -2.296 ±0.031 0.996 2.095 ±0.031 -1.882 ±0.046 0.99  
D30  2.360 ±0.029 -2.237 ±0.033 0.99 2.234 ±0.063 -2.056 ±0.089 0.98  
_________________________________________________________________________  
1: ABL (abdominal length, mm), OCL (orbital carapace length, mm),  
    PL, (propus length, mm), and W (weight, g) 
* not significant (P>0.05) 
Table 5.10 
Summary statistics for ANCOVA of pooled log10 transformed orbital carapace  
length (OCL; x) versus abdominal length (ABL; y) for C. albidus and C. 
destructor during 20 weeks of feeding on diets containing 15% or 30% protein. 
 
________________________________________________________________ 
 
Source of variation     sum-of-squares    DF F-Ratio  P 
________________________________________________________________ 
OCL 2.16     1 49869 0.00 
Protein 0.002     1 55.01 0.00 
Species 0.001     1  23.78 0.00 
Protein x species 0.0001     1    2.20  0.14 
Protein x OCL 0.003     1 79.13 0.00 
Species x OCL 0.00     1   0.01 0.92 
Protein x species x OCL 0.0001     1   4.13 0.04 
Error 0.019  448      
_________________________________________________________________ 
 
 
Table 5.11  
Carcass composition (% dry matter) of C. albidus and C. destructor (while in the  
intermoult phase) after feeding on diets containing two protein levels for 20 weeks1. 
___________________________________________________________________________ 
Treat.   Protein Lipid Ash  Moist. Energy Calcium 
           (kJ g-1) 
___________________________________________________________________________ 
        
C. a2 53.52 ±0.12 3.33 ±0.04 27.91 ±0.07  77.50 ±0.48 14.17 ±0.10 9.15 ±0.14 
C. d2 51.07 ±0.07 5.06 ±0.01 25.64 ±0.04 75.69 ±0.36 14.60 ±0.15 8.40 ±0.01 
___________________________________________________________________________ 
        
A15 37.15 ±0.11 15.00 ±0.01 25.20 ±0.05 75.78 ±1.02 15.55 ±0.23 8.44 ±0.01 
A30 46.10 ±0.21   8.71 ±0.01 27.36 ±0.16 76.87 ±1.20 14.94 ±0.12 8.93 ±0.04 
D15 38.10 ±0.11 15.43 ±0.01 25.74 ±0.05 74.43 ±0.94 15.65 ±0.13 8.62 ±0.07 
D30 42.99 ±0.08   8.56 ±0.03 26.44 ±0.15 73.06 ±0.78 14.71 ±0.20 8.77 ±0.04 
___________________________________________________________________________ 
1: values were obtained from pooled animals, ±se are analytical error rates. 
2: original stock. 
 
 
Table 5.12 
Relative body proportions (% dry weight) of C. albidus and C. destructor 
(while in the intermoult phase) after feeding on diets containing two protein 
levels for 20 weeks1. 
____________________________________________________________________ 
    Excluding Chelipeds2  
Treat.   Ct1(%) Abdomen% Chelipeds % Ct (%) Abdomen (%)   
____________________________________________________________________ 
       
A15 59.74 ±0.70a 19.06 ±0.24a 21.20 ±0.50a 75.77 ±0.39a 24.23 ±0.39a  
A30 46.57 ±0.55b 18.79 ±0.33a 34.65 ±0.76b 71.27 ±0.32b 28.73 ±0.32b  
D15 61.49 ±0.48a 18.07 ±0.22b 20.45 ±0.45a 77.28 ±0.30c 22.72 ±0.30c  
D30 51.81 ±0.48d 18.17 ±0.30ab 30.02 ±0.65c 74.05 ±0.32d 25.95 ±0.32d   
____________________________________________________________________ 
Values (± se) with the same superscript are not significantly different (P>0.05). 
1; Ct, Cephalothorax 
2; Excluding the contribution of both chelipeds 
 
  

Figure 5.2
The curvilinear orbital carapace length (OCL) versus weight relationship (a)
and the linearised log10 transformed OCL-weight relationship (b) for 
C. albidus  maintained on a 30% protein diet for 20 weeks.
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Figure 5.3
Growth curves for C. albidus  and C. destructor  during 20 weeks of 
growth on diets containing 15% and 30% protein (error bars ±se).
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Figure 5.4
Mean consumption of the two experimental diets in relation to body 
weight by C. albidus  and C. destructor  over a 20 week period.
Fo
od
 c
on
su
m
pt
io
n 
(%
 m
ea
n 
an
im
al
 w
t/d
ay
)
           Weight (g)
A15
FC = 5.43W-0.60
R2 = 0.86
0
1
2
3
4
5
6
0 1 2 3 4 5
A30
FC = 4.83W-0.45
R2 = 0.93
0
1
2
3
4
5
6
0 5 10 15 20
D15
FC = 4.92W-0.51
R2 = 0.83
0
1
2
3
4
5
6
0 1 2 3 4 5
D30
FC = 4.66W-0.40
R2 = 0.89
0
1
2
3
4
5
6
0 5 10 15 20
Figure 5.5
The relationship between premoult weight and moult increment and intermoult period 
in C. albidus  and C. destructor  fed the two experimental diets for 20 weeks.
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Figure 5.6
Carapace length versus abdomen length (log10 transformed)
for C. destructor  after 59 days of growth on diets containing 
15% and 30% protein in trial Aq:I.
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Figure 5.8
Carapace length versus abdomen length (log10 transformed) for 
 C. albidus  and C. destructor  during 20 weeks of growth on 
diets containing 15% and 30% protein.
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 Figure 5.10 
 Intermoult C. albidus and C. destructor after 20 weeks of  
 feeding on pelleted diets containing 15% and 30% protein. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 1; C. albidus, 15% protein 
 2; C. albidus, 30% protein 
 3; C. destructor, 15% protein 
 4; C. destructor, 30% protein 
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CHAPTER 6  
 
Aquaria trial IV (Aq:IV) 
A comparison of the growth and survival of C. albidus fed  
zooplankton and a formulated diet. 
 
6.1 Introduction 
 
Live or fresh foods are regarded as important determinants of early growth and 
survival in numerous decapod crustaceans (Chen & Lin, 1992; Hoff & Snell, 1989; 
Kittaka, 1976; Yufera & Lubian, 1984), particularly those that have protracted and 
complex larval phases. The degree to which such feeds are required by C. albidus is 
largely unknown. The protracted embryonic development of the yabby and the 
relatively large size and advanced stage of development upon hatching, may obviate 
an absolute requirement for such feeds. Indeed, it is relatively easy to rear juvenile 
yabbies on manufactured diets in highly controlled environments, particularly once 
they have entered the post-hatchling phase of growth (>0.3g). In the present study, it 
is unknown to what degree growth may have been compromised by feeding on the 
(best) developed diet/s. There may in fact be a requirement for live or fresh foods in 
order to realise the maximum growth potential.  
 
Freshwater zooplankton is an excellent source of dietary nutrients for freshwater 
crayfish (Brown et al., 1992; Hessen, 1989; Jones, 1989, 1995; Kondos, 1990; 
Shelley & Pearce, 1990). Indeed, in most semi-intensive production environments 
several methods are used to promote zooplankton blooms (e.g., fertilisation, hay 
infusions). A transition in natural feeding behaviour has been proposed for 
freshwater crayfish (Goddard, 1988; Mitchell et al., 1995). Central to this proposal 
is a major dietary shift from juveniles which predominantly consume invertebrates 
such as zooplankton, to adults which prefer detritus. It is unknown at what stage of 
development this shift occurs, and whether the feeding behaviour during the various 
stages of growth are facultative or obligate responses (Momot, 1995). 
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It is essential to consider the food species' feeding history, when considering the 
nutritional value of live food cultures (Hoff & Snell, 1989; Simpson et al., 1982; 
Sorgeloos et al., 1986; Watanabe et al., 1983). The poor growth reported for 
juvenile yabbies fed a diet of yeast raised Artemia (Smallridge et al., 1989; Jones et 
al., 1995) serves well to illustrate this point. Smallridge et al. (1989) suggested that 
a poor fatty acid profile was a factor contributing to the slow growth. A deficiency 
in several essential amino acids in Artemia nauplii has also been reported (Watanabe 
et al., 1983). The “boosting” of zooplankton with various nutrients prior to feeding 
to the target species can alleviate such deficiencies (Hoff & Snell, 1989; Sorgeloos 
et al., 1986). The feeding of Artemia to fish and crustaceans (particularly marine and 
brackishwater species) at various stages of development, is common (e.g., Eagles et 
al., 1984; Emmerson, 1984; Lai, 1991; Millamena et al., 1990; Rees & Oldfather, 
1983; Simpson et al., 1982; Sorgeloos et al., 1986; Tacon, 1993a; Watanabe et al., 
1983), and is often a standard for comparison with other diets (e.g., Venkataramiah 
et al., 1975; Gallagher et al., 1976; Bordner et al., 1986). The value of Artemia as a 
control diet in nutrition studies on the yabby however, has been questioned (Jones et 
al., 1995) and a suitable reference diet for comparison with other feeds has yet to be 
identified. 
 
Despite the apparent importance of freshwater zooplankton to the yabby, few studies 
have been conducted which investigate rigorously their nutritional relationship to 
yabby growth and development. To date no information has been published 
regarding zooplankton consumption rates nor feeding efficiency of yabbies cultured 
in intensive conditions. Nor is it understood the relationship that zooplankton 
abundance (or that of any other invertebrate) has to yabby growth in pond 
production environments. 
 
The aim of the present study was primarily to assess the growth performance of 
juveniles cultured under controlled conditions in a hatchery on a diet of freshwater 
zooplankton, and to compare the response with that obtained with the best diet 
developed so far in this study (i.e. diet A30/D30). This should shed some light on the 
proposed dietary shifts in freshwater crayfish. Selection of a reference diet for future 
comparative studies was an important objective.  
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6.2 Materials and methods 
 
6.2.1 Culture procedures 
This trial was conducted from September-December 1993 (12 weeks). C. albidus 
broodstock were acquired from Apsley, Victoria. Newly-independent hatchlings 
obtained from 2 females were reared for about 5 weeks prior to stocking, according 
to previously described methods (Chapter 2). A group of 48 juveniles (mean weight 
±se, 0.76g ±0.03) were placed individually into tanks of the aquarium system and 
reared for 12 weeks. Twenty-four animals were allocated randomly to each 
treatment. 
 
Two diets formed the basis of this trial, a 30% protein pelleted diet (P30, which was 
identical to diet A30/D30 used in Aq:III,  refer to Table 5.1 for formulation details) 
and a mixture of live and frozen zooplankton. Freshwater zooplankton (mainly 
cladocerans of the genus Daphnia, but also some calanoid copepods; Boeckella sp. 
and Calamoecia sp.) were collected from a nearby crater lake (Tower Hill). A 
portion was immediately frozen and the remainder was placed in 600 l 
cylindroconical tanks and fed twice daily a mixed cultured phytoplankton 
suspension. In an attempt to reduce nutritional losses caused by freezing, frozen 
zooplankton were never stored for more than 3 days prior to use. In order to prevent 
zooplankton from being flushed into the drainage pipes of the aquarium system, 
400µm nylon screens (Swiss Screens Pty. Ltd., Melbourne Australia) were secured 
over the exit point of each tank. Zooplankton or pellets (P30) were added to excess 
twice a day at 0700 h and at 1800 h. Zooplankton density exceeded 3/ml after 
feeding to the crayfish. Excess food, faeces and exuviae were siphoned from the 
tanks each day. A complete proximate analysis was performed on pooled 
zooplankton samples obtained on various occasions during the trial. The proximate 
composition of the 2 test diets is presented in Table 6.1. The procedures used for 
analysing the diets and for monitoring water quality are described elsewhere 
(Chapter 2). 
 
 
 
 118
Yabbies were weighed individually every 2 weeks to ±0.01g. Time of moulting was 
recorded and intermoult periods (IP, days) were determined. Moult increments (as % 
premoult weight increase, %WI) were estimated from the fortnightly weight data. 
Weighed animals were in various stages of the moult cycle from B to D1.4 inclusive 
(after Burton and Mitchell, 1987) and Musgrove (1995) recorded a significant 
change in animal wet weight during this phase. Therefore, some error may have 
resulted in the estimated moult increments, consequently they are referred to as 
“virtual increments”. 
 
The following length-weight formula obtained for treatment A30 in Aq:III, (refer to 
Table 5.9 and Figure 5.2) was used to estimate the orbital carapace length (OCL) 
from the weight data in the present trial.  
OCL = 12.062W0.317 or log10W = 3.157 log10OCL - 3.414,  
Subsequently, the %OCL moult increments were estimated and compared with the 
values obtained in the previous trial. 
 
The carcass’ of selected individuals were analysed for their proximate composition 
at the end of the trial. The effect of size and stage of growth on carcass composition, 
as has been reported for freshwater Crustacea (Stein & Murphy, 1976), was 
eliminated by selecting intermoult animals of a very similar size. Yabbies were 
reared to the same size on the 2 diets, and individually freeze dried for 72 h to 
determine the moisture content. They were then ground into a fine powder, pooled 
and dried once more for 24 h prior to analysis. 
 
6.2.2 Statistical procedures 
ANOVA was used to determine the effect of dietary treatment on %WG, SGR, IP, 
%WI and carcass composition. When significant differences were indicated 
(P<0.05), post-hoc pairwise comparisons were made to identify which means were 
significantly different. ANCOVA was used to determine the relationship between 
regression coefficients and elevations in comparisons involving moulting. 
 
 
6.3 Results  
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6.3.1 Water quality 
Water temperature varied from 21-28°C with a mean of 24.7°C. Tank water turnover 
was 25.9 d-1. Mean pH was 8.2 (7.8-8.3), dissolved oxygen always exceeded 7.8mg 
l-1, unionised ammonia was less than 0.02mg l-1, and total water hardness was 
356mg l-1 (as CaCO3). 
 
6.3.2 Growth 
High growth rates were achieved by animals fed entirely on zooplankton (Table 6.1 
and Figure 6.1). Pellet fed animals were significantly smaller than those fed 
zooplankton after 2 weeks, and at each successive weighing thereafter. %WG and 
SGR after 12 weeks were all significantly higher in the zooplankton treatment. 
Survival was 100% for both diets. The coefficients of variation for animal weight at 
week 12 were 32% and 23.9% for the pellet and zooplankton treatments 
respectively. 
 
Both the moult increment and the intermoult period were significantly different for 
the 2 diets (Table 6.1). Zooplankton and pellet reared animals moulted an average of 
5.6 and 5.2 times during the trial with a mean IP of 16.65 days ±0.55(se) and 17.01 
days ±0.45(se) respectively. Mean %WI was 79.1% and 67.4% for the zooplankton 
and the pellet reared animals respectively. In similar sized animals (<16g) a diet of 
zooplankton resulted in a 7% reduction in the IP and a 20% increase in the mean 
%WI compared with those animals fed pellets. ANCOVA indicated that regression 
coefficients were significantly different between diets for both the IP and the %WI. 
The duration of the IP increased with size whereas the %WI decreased with size in 
animals fed both diets (Figure 6.2). The regression coefficients for log10 %OCL 
increment x premoult OCL were -0.003 and -0.004 for the pellets and zooplankton 
respectively. These were comparable with the results recorded in the previous trial 
(Aq:III, Chapter 5) where growth depression with size was low. 
 
 
6.3.3 Carcass analysis 
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Proximate analysis of intermoult animals of a similar mean size for the 2 diets (refer 
to Table 6.2) revealed significant differences in %protein, lipid, ash, and fibre 
although the differences were small. Protein, lipid, ash and fibre were 1.24%, 
0.97%, 1.69% and 0.71% higher in the zooplankton fed animals. No significant 
difference occurred in energy or moisture content. Several animals in both 
treatments contained well developed eggs in their ovaries at the completion of the 
trial.   
 
A dietary induced pigmentation effect was apparent. Zooplankton fed animals 
became more richly pigmented during the course of the trial. After 12 weeks growth, 
the animals fed zooplankton (for their entire lives) were closer to being the "natural" 
colour of wild caught animals. The pellet fed yabbies developed a light blue 
colouration which darkened with age (Figure 6.3) and they were considerably lighter 
in colour than the zooplankton reared animals. 
 
6.4 Discussion 
 
The results of this study show clearly that certain species of freshwater zooplankton 
are a valuable source of nutrition to yabbies in their early stages of development. 
Previous results (Jones et al., 1995) indicated that live zooplankton do not confer a 
growth or survival advantage over the provision of a frozen equivalent. However, in 
other freshwater crayfish this may not be the situation. For example, Jones (1989) 
found an increase in the survival of C. quadricarinatus juveniles fed frozen 
zooplankton. He attributed this response to increased accessibility of food in 
conjunction with a reduced energy expenditure associated with the benthic feeding 
behaviour of the crayfish. Differences in feeding rates may have contributed to the 
disparity between the results of these 2 studies. The larger water volumes and lower 
additions of food in Jones’ (1989) study, probably resulted in a comparatively low 
live zooplankton density compared with the present study. Live zooplankton at a 
sufficient density may ensure that food is accessible to yabbies at all times. In such 
circumstances feed intake may not be restricted and may not require the expenditure 
of much energy to capture prey, and in these respects may compare well with the 
provision of a frozen equivalent. Indeed, in pond production environments 
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zooplankton density is an important consideration in establishing efficient pond 
management and feeding practices, particularly during early rearing (Mitchell et al., 
1995). Whereas frozen (dead) zooplankton appear to be an excellent source of 
nutrition for yabbies, zooplankton processed into pellets appear to be nutritionally 
less ideal. In the current trial, the SGR and %WG of animals fed zooplankton was 
55% and 235% higher respectively than the SGR and %WG of yabbies fed the 
zooplankton-based pelleted diet in Aq:II. This may be the result of nutritional 
deterioration and/or alteration associated with the pellet making process and due to a 
lower palatability of the manufactured diet. 
 
The high growth rate of C. albidus fed a diet of zooplankton, further illustrates the 
growth potential of this species. Jones et al. (1995) reported the production of 0.35g 
(mean weight) juveniles in intensive conditions after 4 weeks of growth at stocking 
rates of 2 animals l-1 on a diet of zooplankton. High growth rates have also been 
obtained by rearing hatchlings on zooplankton prior to stocking into experiments 
(personal observations). Based on the results of the present study, growth to the sub-
adult stage can also be very rapid. Animals as large as 29.8g were produced in 12 
weeks when fed entirely on zooplankton (Table 6.1). Mitchell & Collins (1989) 
reported high growth rates in hatchlings fed a diet of Daphnia, and Brown et al. 
(1992) similarly found that zooplankton-based (D. magna) diets promoted rapid 
growth in juvenile P. clarkii. Several other workers (Brown et al., 1992; Hessen, 
1989; Jones, 1989, 1995; Kondos, 1990; Shelley & Pearce, 1990) have also 
identified zooplankton as a desirable component in the diet of freshwater crayfish. 
An intensive indoor nursery phase for the yabby is a realistic option for producing 
juveniles in a short period of time in situations where pond rearing is not feasible, 
although the cost-effectiveness of this approach remains to be determined. 
 
Taking into consideration previous growth data for hatchling yabbies fed a diet of 
zooplankton (Jones et al., 1995), it appears to take about 18-20 weeks of feeding on 
zooplankton alone to produce animals with a mean weight of about 20g. Direct 
comparison of these results with those of others, is difficult due to the variety of 
culture conditions used. Despite this limitation, it appears that the growth rates 
observed here for C. albidus, are greater than most other reported values for 
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freshwater crayfish reared under intensive conditions (Geddes et al., 1988; Jones, 
1989, Mills & McCloud, 1983; Mitchell & Collins, 1989; Morrissy, 1990). The 
closest comparative growth rates are for P. clarkii fed a variety of zooplankton-
based diets (Brown et al., 1992) or a detritus/pellet combination in microcosms 
containing soil (McClain et al., 1992b). Similar results have been reported 
elsewhere for yabbies cultured in semi-intensive production environments but food 
availability in these studies was largely influenced by natural productivity in the 
system. Geddes & Smallridge (1993) grew juvenile yabbies in ponds from 3.9g to a 
mean weight of approximately 20g in about 63 days, whereas Geddes et al. (1993) 
stocked sections of ponds with hatchlings and obtained a population mean of 27.6g 
after 115 days. Both studies relied on a forage-based food delivery system and 
natural feeds (such as zooplankton) probably comprised a significant proportion of 
dietary intake in such situations. 
 
Manufactured diets are frequently used to grow commercially important decapod 
crustaceans in outdoor pond environments. Naturally produced food organisms are 
available to varying degrees in such systems, and represent an additional source of 
nutrients to those of the formulated feed (Hepher, 1972; Maguire & Hume, 1982; 
Morrissy, 1979; New, 1990; Piedad-Pascual et al., 1990; Reigh et al., 1993; Stahl, 
1979; Tacon, 1993a). Consequently, the nutritional dependence of the cultured 
animals on the pelleted diet, will be influenced by a number of factors related to 
pond management. Formulated diets that are “nutritionally complete” are employed 
in systems that utilise intensive production methods (Stanley & Moore, 1983; 
Romaire, 1989; Tacon, 1993a). Artificial diets are of value in many situations 
(Bordner et al., 1980; Boghen et al., 1982;; D' Abramo & Robinson, 1989; Harrison, 
1990; Lochmann et al., 1992; Tacon, 1993a), however they typically produce only a 
fraction of the growth obtained by feeding unprocessed foods of animal origin (e.g., 
Bordner et al., 1986; Jones, 1989, 1995; Morrissy, 1984; Momot, 1995). Based on 
the results of this study and of others (Mitchell & Collins, 1989; Smallridge et al., 
1989; Jones et al., 1995), artificial diets also appear to be sub-optimal for the yabby. 
Compared with zooplankton, the slow growth of animals fed artificial diets probably 
results from a combination of factors, including; an inadequate nutrient profile, low 
palatability, poor water stability, and possibly a low assimilation efficiency. 
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Differences were evident in the proximate composition of the feeds used in the 
present trial (Table 6.1), the most notable being in the crude protein content. 
However, although the level of protein in the zooplankton was almost double that of 
the pellets, growth on zooplankton was only about 19% (as SGR) higher than on the 
pelleted diet. Excess protein in the zooplankton may have been catabolised for 
energy (i.e. the P:E ratio was too high at 26.4mg kJ-1), or alternatively the high 
chitin content of zooplankton led to an overestimation of the available protein. The 
improved growth of animals fed zooplankton is probably the result of a combination 
of factors associated with the physical nature and chemical composition of the 
zooplankton. In light of the proposed developmental shift in feeding behaviour of 
freshwater crayfish (Mitchell et al., 1995), the degree to which zooplankton can 
enhance growth may be related to the phase of development of the crayfish. 
 
Indeed, the growth enhancement noted in this study by feeding juveniles (>0.76g) 
with zooplankton was substantially lower than the growth increase induced by 
feeding hatchling animals (0.02g) with zooplankton in a previous study (Jones et al., 
1995), despite using similar pelleted diets for comparison. In the current trial, the 
SGR of juveniles fed zooplankton was 19% higher than the SGR of animals fed the 
30% protein pellets. In Jones’ study, the SGR of hatchlings fed zooplankton was 
60% and 47% higher than the SGR of hatchlings fed pelleted diets containing 30% 
protein (P30a) and 52% protein (P52) respectively. Furthermore, the pelleted diets 
used in Jones’ study contained a much higher level of animal protein (P30a, 70% 
animal protein; P52, 72% animal protein) than the 30% protein diet (P30) of the 
present study (41% animal protein). Yabbies in their very early stages of growth (i.e. 
hatchlings) appear to utilise pelleted diets (even those containing a high level of 
animal protein) less effectively than juveniles in a more advanced phase of 
development (>0.76g). Furthermore in the current trial, pellet acceptability by 
juvenile yabbies was greater than in previous trials (Jones et al., 1995) where 
hatchlings (0.02g) were used. These apparent effects may reflect a natural shift in 
feeding behaviour or developmental changes associated with growth. On the basis of 
these results, hatchling yabbies appear to depend more on fresh animal protein than 
juveniles in more advanced stages of development (>0.76g) and appear to be less 
capable of utilising artificial diets. However, differences in composition of the 
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pelleted diets evaluated may have had a significant affect, and in subsequent studies 
the nutrition of hatchling animals should be compared with juveniles in more 
advanced stages of growth. 
 
The results of this study and previous work (Jones et al., 1995) indicate that 
zooplankton represent a valuable source of nutrition to yabbies from the hatchling 
stage to the sub-adult phase of development. In the present study, animals as large as 
29.8g consumed live zooplankton efficiently and some individuals completely 
stripped large quantities from the tanks between feeds. Zooplankton at a sufficient 
population density, are clearly an energetically efficient source of nutrients for 
advanced-stage (sub-adult) yabbies. Large mature animals have also been observed 
feeding actively on zooplankton on numerous occasions. Yabbies appear to create a 
feeding current by the combined action of the gills, maxilla and maxillipeds and the 
consumption of small water borne items may require little energy expenditure, 
particularly when the food density exceeds an undefined minimum level. Filter 
feeding on phytoplankton has been reported for other similar freshwater crayfish 
(Budd et al., 1978, 1979). It appears that a shift to detrital feeding in juvenile 
yabbies below about 30g (as proposed by Mitchell et al., 1995) may not occur if 
zooplankton densities are maintained at high levels. These observations are 
consistent with the proposal by Momot (1995) that freshwater crayfish require large 
quantities of animal (invertebrate) protein in order to maximise growth and 
productivity which has important ramifications for pond management practices. 
 
At the completion of the current trial, yabbies fed the 2 diets were of a very similar 
proximate composition despite a substantial difference in their growth rates and 
moult increments. Additional data on feeding (i.e. protein efficiency and food 
conversion ratios etc.) together with information on the amino acid and fatty acid 
profiles of the diets and carcass’ are required to interpret satisfactorily the proximate 
composition data. However, visual differences in carapace pigmentation occurred 
and were probably the result of dietary differences in levels of astaxanthin and/or 
carotenoids. Zooplankton feeding on microalgae should contain high levels of these 
pigments. A similar blue pigmentation as recorded here for the pellet fed animals 
has been reported previously (in Aq:I,  Aq:II and Aq:III). The high inclusion level of 
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yabby meal (10% dry weight) in the pelleted diet used in this study did not result in 
normally pigmented animals which may indicate that yabbies have a high dietary 
requirement for plant and/or animal pigments. The yabbies fed the same diet in the 
previous trial (Aq:III) were a darker blue (refer to Figure 5.10) than the animals in 
this study, possibly as a result of the longer culture period. This aspect of yabby 
nutrition requires further investigation.  
 
The proximate composition of animals fed diet P30 in the present study was very 
similar to the proximate composition of similar sized animals fed the same diet in 
the previous trial (refer to Table 5.11). The main differences occurred in the protein 
and lipid levels, where in the current trial carcass protein was 3.7% lower and lipid 
was 1.4% higher than in the previous trial (Chapter 5). An inverse relationship 
between carcass protein and lipid content has previously been recorded (in Chapter 
3, 4 and 5). The higher carcass lipid content in the present study may reflect the 
higher feeding rate used and the deposition of excess energy as lipid in the 
hepatopancreas (refer to Chapter 9). 
 
Zooplankton not only confer a growth advantage to yabbies, but they also appear to 
reduce the heterogeneity of growth typically associated with an increase in mean 
size (Austin et al., 1996 in prep.). In the present trial, the coefficient of variation was 
8% lower in the zooplankton treatment but growth was significantly greater than for 
those animals maintained on pellets. A similar effect, although more pronounced, 
was observed in a previous trial using communally reared hatchling yabbies (Jones 
et al., 1995). In the present study, at the point where the within tank standard 
deviation for the 2 feed-types overlapped, the estimated mean weight of the 
zooplankton fed crayfish was 255mg and for the crayfish fed the nutritionally 
deficient diets was 110mg, which result in coefficients of variation of 19.6% and 
45.4% respectively. A reduction in the within tank and within treatment variance by 
feeding with zooplankton has important statistical implications for crayfish growth 
trials because it allows for more efficient and sensitive experiments to be conducted 
than would otherwise be possible using pelleted diets (Austin et al., 1996, in prep.). 
In view of the excellent growth response achieved by feeding yabbies with 
zooplankton and the apparent reduction in heterogeneous growth (both within tanks 
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and treatments), it is appropriate to use freshwater zooplankton (particularly species 
of Daphnia), of a defined nutritional composition and feeding history, as control or 
reference diets in future nutrition studies of the yabby. 
 
6.5 Conclusion 
 
1. Freshwater zooplankton (particularly species belonging to the genus Daphnia) are 
nutritionally important to yabbies at various stages of their development. 
2. It is appropriate to use a source of nutrient-rich freshwater zooplankton (of a 
defined nutritional history) as a reference or control diet for evaluating the 
performance of other feeds. Their use in this capacity in intensive rearing systems 
for hatchling and juvenile yabbies requires further investigation. 
3. The high growth rate and survival achieved on the pelleted diet used in this study 
suggests that the basic formulation is adequate for use in semi-intensive rearing 
systems where other natural foods are present. It may not however, be suitable as 
a sole source of nutrition to animals cultured in intensive facilities and requires 
further evaluation and modification (particularly with respect to carapace 
pigmentation). 
 
 
 
Table 6.1 
Growth response, intermoult period and moult increment for C.  albidus   
juveniles cultured on a pelleted diet and zooplankton for 12 weeks*. 
 
________________________________________________________________________ 
         
Diet1  Final Weight (g)     Survival  
  MW ±se  min  max.  %WG2 SGR3(%)     (%) 
________________________________________________________________________ 
         
P30 12.07 ±2.46   3.01 17.56  1498.26 ± 95.7a 3.23 ±0.09a    100a
ZOO 19.35 ±3.95 12.78 29.75  2513.45 ±168.2b 3.84 ±0.07b    100a
________________________________________________________________________   
 
Diet Mean moult4              
 No  IP(days)  WI(%) 
_________________________________________________ 
       
P30 5.6 ±0.45a 17.01 ±0.45a 67.38 ±1.58 a
ZOO 5.2 ±0.12b 16.65 ±0.55 b 79.05 ±1.68 b
 
<16 g 
ZOO ---- 15.82 ±0.46 81.07 ±1.64  
_________________________________________________   
*: P30; 30% protein pellet, ZOO; live/frozen zooplankton.  
1: Proximate composition (% dry matter).  
    Refer to Table 5.1 for ingredient composition 
       P30: 30.71(Protein), 4.17(Lipid), 6.13(Ash), 4.07(Fibre),  
               19.06 kJ g-1 (Energy), 9.26(Moisture). 
       ZOO: 55.34(P), 9.33(L), 18.57(A),6.46(F), 20.95(E). 
2: %WG (percentage weight gain) = (final wt - initial wt) x 100 / initial wt  
3: Specific Growth Rate = (Ln weight time t - Ln weight time 0) x 100 / time t 
Values (± se) with the same superscript are not significantly different (P>0.05). 
4: IP (intermoult period, days), WI (virtual weight increment, %). 
 
 
 
Table 6.2 
Carcass composition (% dry matter ±se) of C. albidus  
(while in the intermoult phase) after feeding on a  
pelleted diet or zooplankton for 12 weeks*. 
__________________________________________________________ 
 
Diet1 N Mean weight Protein Lipid  
_________________________________________________________ 
 
P30 7 18.40±0.92a 42.44±0.23a 10.14±0.02a 
ZOO 8 19.04±0.62a 43.68±0.17b 11.11±0.02b 
_________________________________________________________ 
 
 
 Ash Fibre Energy Moist.  
    (kJ g-1)  
__________________________________________________________ 
 
P30 27.84±0.16a 10.33±0.06a 15.12±0.16a 76.46±1.24a 
ZOO 29.53±0.07b 11.04±0.15b 15.27±0.13a 73.52±0.93a 
__________________________________________________________ 
*; Values with the same superscript are not significantly different (P>0.05) 
1; P30; 30% protein pellet, ZOO; live/frozen zooplankton  
Figure 6.1
Mean fortnightly weight of yabbies fed a 30% protein 
pelleted diet (P30) or zooplankton (error bars are ±se).
0
5
10
15
20
25
0 10 20 30 40 50 60 70 80 90
Time (days)
M
ea
n 
W
ei
gh
t (
g)
ZOO
PELLET
Fi
gu
re
 6
.2
Th
e 
re
la
tio
ns
hi
p 
be
tw
ee
n 
th
e 
pr
em
ou
lt 
or
bi
ta
l c
ar
ap
ac
e 
le
ng
th
 (O
C
L)
 a
nd
 th
e 
in
te
rm
ou
lt 
pe
rio
d 
an
d 
th
e 
w
ei
gh
t i
nc
re
m
en
t f
or
 ju
ve
ni
le
 y
ab
bi
es
 fe
d 
a 
30
%
 p
ro
te
in
 p
el
le
te
d 
di
et
 (P
30
) a
nd
 z
oo
pl
an
kt
on
.
PE
LL
ET
y 
= 
0.
51
1x
 +
 7
.6
0
R
2  =
 0
.2
3
051015202530354045
10
15
20
25
30
35
Intermoult period (d)
y 
= 
-1
.5
71
x 
+ 
94
.0
6
R
2  =
 0
.1
9
02040608010
0
12
0
14
0
10
15
20
25
30
35
Pr
em
ou
lt 
O
C
L 
(m
m
)
Weight increment (%) 
ZO
O
PL
A
N
K
TO
N
y 
= 
0.
68
4x
 +
 2
.2
99
R
2  =
 0
.4
1
051015202530354045
10
15
20
25
30
35
y 
= 
-2
.1
84
x 
+ 
12
2.
17
R
2  =
 0
.4
7
02040608010
0
12
0
14
0
10
15
20
25
30
35
Pr
em
ou
lt 
O
C
L 
(m
m
)
 132 
Figure 6.3 
 
Intermoult C. albidus after 10 weeks of feeding on a  
30% protein pelleted diet (P30) and zooplankton (Zoo). 
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CHAPTER 7 
 
Nutrient digestibility  
 
7.1 Introduction 
Digestibility studies are pivotal to the successful development of diets for use in 
aquaculture. Information on the digestibility of feeds and feed ingredients, in 
conjunction with data on nutrient utilisation and growth, can be used to improve the 
efficiency with which diets are utilised, thereby reducing production costs. Practical 
diets designed for use as supplementary feeds and the more “nutritionally complete” 
diets for use in intensive systems, should be evaluated for nutrient digestibility 
during their development. 
 
Standard methods for estimating nutrient digestibility are essential for the 
production of cost-effective diets and for the establishment of efficient nutrient 
delivery practices. Standardised procedures are also necessary for accurate 
comparison of results between different studies. Recently, digestibility studies have 
also assumed an important role in the development of low-pollutant diets and in the 
predictive assessment and modelling of aquaculture waste loadings (Lall, 1991; Cho 
et al., 1991, 1994). The long term goals of digestibility determinations should be the 
compilation of feed tables, and a better understanding of the morphology and 
physiology of the digestive system and of the natural feeding behaviour of 
commercially and ecologically important species.  
 
Methods for evaluating digestibility of feedstuffs are well established for terrestrial 
vertebrates and often involve a range of sophisticated in vivo and in vitro techniques. 
Aquatic environments however, present a variety of technical problems not 
generally encountered on land. This is predominantly due to the nature of the 
aquatic environment, but also due to morphological, physiological, and behavioural 
traits that are unique to aquatic animals. In many decapod crustaceans for example, 
fragmentation of food occurs during ingestion, thereby making accurate 
determination of feed intake difficult. Also, the digestive physiology of some 
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aquatic species, appears to contravene certain requirements that are necessary for 
precise estimation of digestibility using techniques designed for terrestrial animals. 
 
A major focus of digestibility studies involving aquatic organisms has been to 
develop techniques that ensure the deposited faecal matter is rapidly collected, with 
minimal damage and loss, and that its resident time in water is minimised. The 
potential for large errors in digestibility estimations caused by factors such as 
nutrient leaching, bacterial decomposition, physical degradation, and mixing of food 
with faecal samples, has provided the impetus for the development of faecal 
collection systems and protocols. Correction factors are sometimes incorporated into 
digestibility estimations in an attempt to make allowance for compositional changes 
caused by leaching (e.g., Bordner et al., 1983; Leavitt, 1985; Reigh et al., 1990). 
The effectiveness of such procedures however, depends on the feeding behaviour of 
the species under investigation and on the experimental design. The presence of 
metabolically derived compounds in the faecal matter, and the leaching of water 
soluble wastes from the faeces, are further potential sources of error. In fact, a wide 
variety of confounding variables is possible. Consequently, digestibility coefficients 
can only ever be approximations or “virtual” estimations and are therefore generally 
referred to as “apparent” digestibility coefficients. 
 
A plethora of faecal collection procedures and systems currently are in use, even in 
studies dealing with identical species. Techniques for collecting faeces from fish, 
range from simple procedures such as manual siphoning, “hand stripping”, anal 
suction, and dissections from sacrificed animals, to more complex procedures that 
involve some degree of automated continuous collection, such as in the Guelph 
system (Cho et al., 1985), and in others (Ogino et al., 1973; Kaushik and Luquet, 
1976; Choubert et al., 1979, 1982; Schmitz et al., 1983; Vens-Cappell, 1985). 
Metabolic chambers have also been used in several digestibility studies of fish (e.g., 
Post et al., 1965; Smith, 1971; Smith et al.; 1980; Schmitz et al., 1983). More 
recently, enzymatic techniques (in vitro) for digestibility estimation have been 
developed (e.g., Grabner, 1985; Grabner and Hofer, 1985; Eid and Matty, 1989; 
Anderson et al., 1993; Lan and Pan, 1993; Dimes and Haard, 1994), although 
similar procedures have been used for terrestrial animals for many years (e.g., 
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Sheffner et al., 1956; Akeson and Stahman, 1964; Hsu et al., 1977; Satterlee et al., 
1977). The relative merits of a number of the techniques used to evaluate nutrient 
digestibility are discussed elsewhere (Austreng, 1978; Cho and Kaushik, 1990; De 
Silva et al., 1990; Hajen et al., 1993). For most aquatic animals other than fish, the 
methods used are usually relatively simple and in most cases are based on manual 
collection of faeces. 
 
Decapod crustaceans pose particular problems in digestibility studies that are not 
encountered to the same degree in fish. In particular, their relatively slow feeding 
response (Forster, 1976; Huner and Meyers, 1979; Meyers et al., 1972; Meyers, 
1980; Provasoli, 1976), and their tendency to manipulate, masticate, and fragment 
their food prior to ingestion (Farmanfarmaian et al., 1982; Forster, 1972; Heinen, 
1981; Meyers and Zein-Eldin, 1972; Morrissy, 1984), are potentially large sources 
of error in studies designed to evaluate dietary intake. Some species also regurgitate 
and reingest their food (e.g., Forster and Gabbott, 1971; Newman and Lutz, 1982), 
and a number have been reported to be coprophagous (e.g., Johannes and Satomi, 
1966; Frankenberg and Smith, 1967; Costa-Pierce, 1985; New, 1987, 1990, 1995). 
They have a benthic habit and their sometimes highly aggressive, cannibalistic 
behaviour (Lorman and Magnusson, 1978; Aiken and Young-Lai, 1981; Capelli and 
Hamilton, 1984; Geddes et al., 1993) create additional technical problems. 
Compared with fish, there is a dearth of information available on feed and nutrient 
digestibility in crustaceans, particularly in freshwater species. In fact, no data have 
been published for any of the freshwater species found in Australia, although several 
bioenergetic studies are available (Villarreal, 1989, 1991; Musgrove, 1993). The 
development of techniques for assessing nutrient digestibility in crustaceans has also 
received little attention and is seriously under-represented in the literature, although 
a few studies have recently been conducted (Leavitt, 1985; Brown et al., 1986, 
1989; Ellis et al., 1987; Lan and Pan, 1993; Deering et al., 1995). In general, there 
are few methodological based digestibility studies available for decapod 
crustaceans. 
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There are 2 main techniques used to determine digestibility in animals; the direct 
and the indirect method. Both rely on the effective collection and analysis of the 
deposited faeces. In the direct method total food consumption and total faeces 
production are determined gravimetrically. In situations where this cannot be 
accomplished with a high degree of precision, the indirect method is used. For the 
latter, it is only necessary to collect a subsample of the faecal material and it also 
obviates the accurate estimation of dietary intake. The indirect method involves the 
use of an inert marker substance that is concentrated in the faeces during transit 
through the gut. Many different types of markers have been used including 
radioactive isotopes (40K, 144Ce, 32P), metal oxides (Cr2O3, Fe2O3, TiO2), mineral 
salts (BaSO4, BaCO3, CuSCN), natural and artificial dyes (carmine, chromagen, 
methylene blue, crystal violet), synthetic particles (celite, polythethylene), and 
natural components of the diet (ash, crude fibre, cellulose, hydrolysis resistant 
organic matter, silica), and are discussed in more detail elsewhere (Kotb and 
Luckey, 1972; Lied et al., 1982; Tacon and Rodrigues, 1984; De Silva, 1989; De 
Silva and Anderson, 1995). Exogenous or external markers are substances that are 
added to the feed, while others are naturally occurring constituents of the diet and 
are said to be endogenous or internal. Digestibility studies of animals feeding on 
their natural diet are usually performed using the latter type.  
 
By far the most commonly used marker in digestibility studies of both aquatic and 
terrestrial animals, is the external marker, chromic oxide, Cr2O3 (De Silva and 
Anderson, 1995). A marker substance must satisfy several critera for it to be deemed 
suitable. Effective markers are indigestible, non-toxic, do not alter normal 
physiological processes, feeding behaviour or food consumption, are insoluble, do 
not readily leach from food or faeces, remain homogeneously mixed with the digesta 
during passage through the gut, and do not affect the rate of gastric evacuation. The 
suitability of various markers for particular species has been the focus of numerous 
studies over the years, and is still a contentious issue often based on personal 
preference. Some doubt has been raised regarding the value of Cr2O3 as a 
digestibility marker in certain species of fish and Crustacea (Bowen, 1978, 1979; De 
Silva and Owoyemi, 1983; Leavitt, 1981, 1985; Brown et al., 1986; Brown, 1995a; 
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Shiau and Liang, 1995). It has been reported in a number of studies involving 
decapod Crustacea (Forster and Gabbott, 1971; Bordner et al., 1983; Leavitt, 1985; 
Brown, 1995a), that Cr2O3 may not be consumed in the same proportion as the 
remainder of the diet and that it may be selectively partitioned in the faeces due to 
its faster rate of gastric evacuation compared with other dietary constituents. In 
these cases it is reasonable to assume that the apparent and true digestibility 
coefficients may be strongly influenced by the faecal collection schedule. In none of 
these studies however, was Cr2O3, or any other dietary constituent, determined in 
consecutive fractions of faecal matter resulting from a single meal. Nor was it 
established if the partitioning of Cr2O3 in the faeces influenced estimations of 
nutrient digestibility. Furthermore, no discussion was provided regarding the 
ecological implications or nutritional significance of the apparent capacity of certain 
decapod crustaceans to process selectively some components of their diet. Forster 
and Gabbott (1971) attempted to explain the partitioning effect of Cr2O3 in terms of 
caridean prawn digestive morphology. They attributed the overall effect to the 
efficiency of the pyloric filter mechanism. The sorting of food in the proventriculus 
has also been discussed as a general mechanism associated with digestion in the 
more advanced reptantia (i.e. crabs and lobsters; Gibson, 1982, Icely and Nott, 
1992). 
 
The broad objectives of the series of trials described in this chapter were to: 
1. develop a system for assessing nutrient digestibility in yabbies fed 
    manufactured diets under controlled conditions, and also for animals 
    cultured semi-intensively in environments where natural foods are present; 
2. evaluate nutrient digestibility in a range of diets, in conjunction with an 
    assessment of yabby growth performance on such diets; and 
3. critically assess the value of Cr2O3 in digestibility studies involving yabbies and 
    to evaluate the use of several other marker substances. 
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7.2 Materials and methods 
 
The method used to collect feaces for analysis was separated into a number of 
discrete phases; an acclimation phase where animals were fed a particular diet for 
at least 5 days prior to beginning faecal collections, a feeding phase in which 
animals were individually or communally fed a particular diet for a specific period 
of time, a collection phase during which faeces from a number of animals was 
collected and pooled, and an analysis phase where faecal matter was evaluated in a 
number of parameters. 
 
7.2.1 Method I, Trial I 
The objective here was to determine the protein and dry matter digestibility of the 
16 diets used in Aq:I (Chapter 3). 
Animals cultured in the aquarium system were sampled each day for faecal matter 
after an 11 d acclimation period on the experimental diets. Feeding was conducted at 
1900 h. Tanks were cleaned the following morning at 0700 h. Faecal collections 
took place between 1700-1900 h. Faeces from animals feeding on each diet-type 
were siphoned from the bottom of the tanks into plastic buckets, then removed using 
an inverted 50ml pipette and placed into a 20ml glass vial. Samples were 
immediately frozen at -20°C then freeze dried for 48-72 h. In order to obtain enough 
faecal material for analysis, faeces from 16 consecutive days were pooled into 1 
replicate sample. Three such replicates were collected and analysed. Problems 
associated with this method of collection became apparent (see Discussion). 
Subsequently another faecal collection system was developed and is described 
below.  
 
7.2.2 Method II 
The following digestibility trials were conducted using the developed faecal 
collection system. All animals used in these trials were C. albidus and were obtained 
from The Otway Ranges, Victoria. 
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Trial 1 
Digestibility of the 30% protein, 0-60% soybean meal series of diets used in Aq:I 
(Chapter 3; see Table 3.2, for details on diet formulation). 
Trial 2a 
Digestibility of the meat, snail, soybean, yabby, and zooplankton meal-based 
diets used in Aq:II (Chapter 4; see Table 4.2 for details on diet formulation). One 
percent of the starch component of each diet was replaced with chromic oxide 
(Cr2O3) as an external marker for digestibility estimations (De Silva, 1989). 
Trial 2b 
Evaluation of a number of potentially useful dietary marker substances for 
digestibility calculations, using pooled samples for the soybean meal-based diet 
(P30S60) from digestibility Trial 1. 
Trial 3 
Digestibility of the 30% protein, fish/yabby/soybean meal-based diet used in 
Aq:III and Aq:IV, (Chapter 5 and 6) and PM:I and PM:II (Chapter 8). Refer to 
Table 5.1 for details on diet formulation. Starch was also replaced with 1% 
chromic oxide in this diet. 
Trial 4a and 4b 
To determine the effect of the faecal collection protocol and of the differential 
gut-transit time of nutrients on digestibility calculations using the soybean meal-
based diet (P30S60) from digestibility Trial 1. 
 
Procedural details  
The faecal collection system was located in a hothouse and is illustrated in Figure 
7.1.  
Three types of containers were used in the system. Animals were first individually 
isolated in mesh covered 1 l polyethylene pomades (isolation chambers, IC) (7mm x 
7mm mesh size). Thirty to forty-five pomades were submerged in each of 2 flat 
bottom circular plastic 400 l tanks (feed chambers, FC). Each animal was fed 
approximately 2-4% of body weight per day (on a wet weight basis) via a plastic 
funnel. At the end of the feeding period each pomade was inverted, and thoroughly 
flushed several times with water from the FC to remove uneaten food. A rectangular 
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piece of polystyrene foam was then secured to the bottom of each pomade. 
Approximately 35 pomades were randomly selected from each FC, inverted and 
floated upside down in a 600 l fibreglass cylindroconical tank (collection chamber, 
CC), that contained a heavy duty polyvinyl conical shaped liner (Ropat Pty. Ltd., 
Melbourne). The liner tapered to a 20mm diameter tube that terminated on the 
outside of the tank. Faeces were collected into a 40ml wide-mouthed plastic bottle. 
A tap and a bleeder valve were attached so that water pressure on the sample could 
be eliminated prior to removing the container. After collection, excess water was 
carefully removed with a Pasteur pipette, and the bottle was immediately frozen to -
20°C for 24 h. Daily samples were collected once (Trials 1 and 2) or twice at a 4 h 
interval (Trials 3 and 4) then combined if necessary. 
 
Black polyethylene lids covered the FC and the CC at all times to prevent heat from 
escaping, to reduce human disturbance, and to stimulate nightly feeding behaviour. 
Animals that were in the immediate premoult or postmoult phases of growth were 
not used in the daily faecal collections. Water was exchanged completely in each 
tank every day using a 50:50 city supply:bore water mixture (Trials 1 and 2), or with 
100% city supply (Trials 3 and 4). All culture water was treated with sodium 
thiosulphate (0.15mg l-1) to eliminate residual chloramines. Water quality 
parameters for the town water/bore water mixture, and for the town water were, pH 
7.94, 7.10; hardness, 400mg l-1, 90mg l-1 (as CaCO3); calcium 101.9mg l-1, 26mg l-1; 
and magnesium 35.2mg l-1, 15.6mg l-1 respectively. Tanks were heated with 
submersible aquarium heaters, and oxygenated using several airstones per tank. 
Dissolved oxygen levels remained above 6.9mg l-1 in the ICs, FCs, and CCs at all 
times. Daily faecal samples were freeze dried for 48 h, weighed then ground to a 
fine powder in a mortar with a pestle. To obtain enough faecal material for analysis 
it was sometimes necessary to pool several daily samples. Faeces were analysed, 
according to the experimental design, for crude protein (Kjeldahl nitrogen x 6.25), 
chromium (Cr, Atomic Absorption Spectrophotometry after Arthur, 1970), ash 
(550°C in a muffle furnace for 4 h), crude fibre (CF, after Cockerel et al., 1975), 
hydrolysis resistant ash (HRA, De Silva, 1985), and hydrolysis resistant organic 
matter (HROM, Buddington, 1980). Variation occurred in certain procedural details 
for each experiment (e.g. mean animal weight, water temperatures, feeding and 
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collection times). A summary of the details for each digestibility experiment is 
provided in Table 7.1.  
7.2.3 Method III  
The apparent digestibility of nutrients by animals fed manufactured and natural diets 
in semi-intensive pond production environments was also evaluated. The methods 
used and the results of this work are presented in Chapter 9. 
 
7.2.4 Calculations 
The digestibility marker, (e.g., chromium), and the nutrient levels in the faeces and 
the feed were used to determine the coefficients for apparent nutrient digestibility 
(AND), and dry matter digestibility (DMD) after Cho et al. (1985), according to the 
following equations,  
AND = 100 - 100 x [(%marker feed / %marker faeces) x 
                                                 (%nutrient faeces / %nutrient feed)] 
 
DMD = 100 - 100 (%marker feed /  %marker faeces) 
  
7.2.5 Statistics 
One way analysis of variance (ANOVA) was used to test for the effect of diet-type 
on protein and dry matter digestibility coefficients in Trials 1 and 2a, using the 
MGLH module in SYSTAT (Wilkinson 1988). Post-hoc pairwise comparisons (Day 
and Quin, 1989), were subsequently performed to identify means that were 
significantly different (P<0.05). A similar analysis was performed to determine the 
effect of the marker-type on digestibility estimations in Trials 2b, 3 and 4. The 
digestibility coefficients obtained in Trial 4 were analysed using two-tailed paired 
and independent samples t-tests (Sokal and Rohlf, 1981) according to the 
comparison that was being performed. Comparisons of individual diets between 
trials was also performed using independent t-tests. 
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7.3 Results 
 
7.3.1 Method I, Trial I 
A number of problems became apparent with the method used to collect faeces. 
Small quantities of faeces were present in the tanks the morning following feeding. 
The 12 h period in which food was available, was of sufficient duration to allow the 
elimination of an unquantified fraction of faecal material from the juvenile yabby 
gut. This effectively reduced the potential daily sample size. Faecal material was 
also frequently damaged and partially degraded by yabbies during the 7 h collection 
period. This became more of a problem as the animals grew larger. Clearly damaged 
faecal strands were excluded from the collection, and this further reduced the 
potential sample size. Furthermore, the problems encountered with cannibalism in 
this trial (refer to Chapter 3) raised the possibility that the composition of the faecal 
samples may have been influenced by sources of nutrition other than the test diets. 
Nevertheless, faecal collections were continued for the duration of the trial, and the 
analysis was performed despite the inherent limitations in the methodology.  
 
The digestibility coefficients for this trial are presented in Table 7.2. Protein 
digestibility coefficients (PD) were all close to 80% (except P15S60; 73.1%) for the 
first replicate sample across all dietary treatments. A clear relationship between PD 
and feed-type was not apparent. Dry matter digestibility (DMD) ranged from 60.4% 
(P25S60) to 77.9% (P15S0) in the first replicate of each diet. DMD generally 
decreased as the soybean inclusion level increased. DMD was higher in the feeds 
that contained no soybean meal compared with those that contained soybean meal 
above a 20% substitution level. PD and DMD coefficients both decreased with each 
successive replicate in all but 1 case (DMD, P15S60 replicate 1 and 2). The reduction 
in PD from replicate 1 to replicate 3, ranged from a minimum of 8% (P25S60) to a 
maximum of 30.4% (P15S20). DMD coefficients also decreased by similar amounts 
from 6.3% (P15S40) to 35.8% (P20S60). These decreases resulted in very high 
standard errors for the mean digestibility coefficients of each dietary treatment (see 
Table 7.2). ANOVA indicated that there was no significant difference in PD 
coefficients for any diet. For DMD, the only significant differences occurred 
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between diets P25S40 x P30S40 and P30S40 x P30S40. It is considered that the 
problems associated with the faecal collection protocol caused the reduction in 
digestibility coefficients between successive samples. Therefore, the statistical 
outcomes must be viewed with caution. The 30% protein diets were re-evaluated 
however, using the improved method of faecal collection described above (Method 
II).  
 
7.3.2 Method II 
Nutrient digestibility for the various diets evaluated in this trial was determined 
using different markers and different collection protocols. To facilitate comparison, 
it was necessary to replicate some of the tabulated results. In Table 7.3, data are 
presented for DMD, PD, ash digestibility (AD), and crude fibre digestibility (CFD) 
for all test diets using Cr2O3 as the marker compound. In Table 7.4, DMD and PD 
coefficients are presented for all the diets using various marker compounds 
(including Cr2O3). DMD and PD coefficients for 1 diet (P30S20) that was analysed 
on several separate occasions using ash and Cr2O3 markers, are provided in Table 
7.5. Finally, in Table 7.6, the focus is on the effect of the faecal collection protocol 
on digestibility estimations using a single diet (P30S20) and Cr2O3 as the marker. 
 
7.3.2.1 Trial I 
Analysis of variance, (using 4 subsamples of pooled faecal material as replicates), 
revealed significant differences in PD, DMD and AD coefficients between all 
sample comparisons when Cr2O3 was used as the digestibility marker (Table 7.3). 
The highest digestibility coefficients were recorded for the diet that contained a 60% 
soybean meal substitution level (P30S60). The feed in which soybean meal was 
absent, (P30S0), was the least digestible in terms of protein and ash, whereas the diet 
with a soybean substitution level of 40% (P30S40) resulted in the lowest DMD 
coefficient of 71.8%. The trend was for an increase in PD and DMD as the soybean 
meal substitution level increased. The apparent anomaly for diet P30S40 may have 
been caused by a change in water quality that persisted for the entire faecal 
collection period of this trial as a result of a malfunction in the alum pump located at 
the Warrnambool water treatment plant. 
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The PD and DMD coefficients obtained using Cr2O3 as the marker were 
significantly greater than those obtained using ash (Table 7.4). PD was 3% (P15S0) 
to 6% (P15S20) higher using Cr2O3, while DMD was 6.5% (P15S0) to 17.3% 
(P15S60) greater. 
  
7.3.2.2 Trial 2a 
Significant differences among diet-types occurred for PD and DMD coefficients 
(Table 7.3). Lowest PD and DMD values were obtained from animals fed the snail 
meal-based diet, while those animals fed the zooplankton diet produced the highest 
digestibility coefficients. PD was not significantly different between the meat/snail, 
yabby/meat, and soybean/yabby/zooplankton comparisons. The only significant 
difference in DMD occurred for the snail-based diet compared with the yabby and 
zooplankton-based diets. All other DMD coefficients were not significantly different 
from one another. 
 
PD and DMD coefficients using Cr2O3 as the marker were greater for all diets than 
those obtained using ash (Table 7.4). PD was 2.3% (snail-based diet) to 14.7% 
(yabby-based diet) higher using Cr2O3, while DMD was 3.9% (snail-based diet) to 
26.9% (yabby-based diet) greater. 
 
AD coefficients were highly variable. The lowest value (17.3%) occurred for the 
snail meal-based diet whereas the highest value (73.2%) was found in the yabby 
meal diet. 
 
7.3.2.3 Trial 2b 
PD and DMD coefficients varied according to the type of digestibility marker 
employed. When HRA was used, the digestibility coefficients were significantly 
greater than for all other markers, while the lowest values were determined using 
crude fibre as the marker. Digestibility coefficients using ash and HROM were not 
significantly different from one another. PD and DMD coefficients using Cr2O3 
were significantly different from all other markers. A comparison of digestibility 
coefficients obtained using various markers in several digestibility trials is provided 
in Table 7.4. In all cases the PD and DMD coefficients were lower when ash was 
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used as the marker compared with the coefficients obtained for Cr2O3. Comparing 
diet P30S60 used in several trials, a reduction in PD and DMD from 2.9-5.6% and 
10.5-26% respectively, occurred when ash was used as the marker compared with 
Cr2O3 (see Table 7.5 for a summary). In Trials 2b and Trial 3 PD and DMD 
coefficients were significantly lower when crude fibre was used as the marker 
compared with the coefficients obtained for Cr2O3. In Trial 4 however, the reverse 
was true for crude fibre. 
   
7.3.2.4 Trial 3 
The diet used in this digestibility experiment was formulated on the basis of the 
results obtained in Aq:I (Chapter 3) and Aq:II (Chapter 4). Both protein and dry 
matter components proved to be highly digestible (Table 7.3). Using chromium as 
the digestibility marker, PD and DMD coefficients were 95.3% and 88.6% 
respectively. These values were significantly greater than the digestibility 
coefficients obtained using ash and crude fibre markers. No significant difference 
occurred in PD and DMD when ash and crude fibre markers were compared. 
 
7.3.2.5 Trial 4 
Obvious visual changes to the faecal strands occurred with time of defecation and 
are illustrated in Figure 7.2. The early deposited faecal matter (Figure 7.2E) had a 
higher specific gravity than the late faecal samples and was often very green, 
suggestive of high Cr2O3 levels. The late deposited faecal strands (Figure 7.2L) were 
a light brown colour and had a greater tendency to fragment. Microscopic 
examination revealed the presence of fine, densely packed particulate matter in the 
early faecal strands and large loosely packed particles in the late samples. Some 
faecal strands were intermediate of the 2 above mentioned types (Figure 7.2I). 
Intermediate-type strands were composed of a green densely packed inner core of 
small particles that was surrounded by a light- brown loosely packed arrangement of 
material of larger particle size. 
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The absolute composition of the faeces varied according to the time of collection. 
Faecal chromium, protein and ash content was 788%, 133% and 244% higher in the 
early samples compared with those collected during the subsequent 4 h period. The 
reverse was true for the crude fibre component, where the late faecal sample 
contained about 46% more fibre than the early sample. It appears that the small 
molecular weight compounds were processed before the larger (more indigestible) 
substances.  
 
The digestibility coefficients for this trial are presented in Table 7.6. The faecal 
collection period had a highly significant effect (P<0.001) on estimations of both PD 
and DMD. Significantly higher PD and DMD coefficients were obtained for the 
early faeces sample compared with the late collected sample (by 14.1% and 61.1% 
respectively). Ash and crude fibre digestibility coefficients were negative for the late 
collected sample and highly positive for the early sample. In faeces containing high 
levels of both chromium and nutrient (i.e. protein and ash), elevated digestibility 
coefficients were the result. The absolute chromium and nutrient content of the 
pooled samples, and the resultant digestibility coefficients, were arithmetically 
located between those values for the early and late collections. 
 
The initial collection collection protocol which consisting of an 8 h feed and a single 
4 h collection period (hereafter called the Old collection protocol) resulted in 
significantly lower PD, DMD, AD, and CFD coefficients (2.8%, 10.1%, 13.1%, and 
54.1% respectively), than for the subsequent collection protocol which consisted of 
a a 2 h feed and 2 faecal collections beginning 8 h after feeding (hereafter called the 
Pooled collection protocol). Using Cr2O3 as the digestibility marker resulted in 
significantly higher PD and DMD coefficients (Table 7.5) than those obtained using 
ash, but lower digestibility coefficients compared with the values obtained when 
crude fibre was the indicator. 
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The animals in this trial displayed a strong feeding response during the experiment. 
On most occasions yabbies rapidly consumed the food immediately after it was 
offered. In previous trials where an 8 h feeding strategy was adopted (i.e. Trials 1 
and 2) the feeding response was somewhat weaker. 
 
The timing of the split-collection protocol was such that most of the faecal matter 
was collected during the first or early collection period (i.e. 12 h after feeding). An 
average of 60% (as dry weight) of the total daily faecal collection was obtained in 
the first sample. Only on 2 occasions did the late sample contain slightly more than 
50% of the total daily collection. It appeared that most of the voided faecal matter 
was collected using this protocol. Very little if any faecal matter was noted in the 
isolation chambers upon inspection at various times following the daily collections. 
This was not the case for the Old collection protocol. On numerous occasions a 
reasonable quantity of faeces, often bright green in colour, was present in the 
isolation chambers at the completion of the 8 h feeding period. Some faecal material 
was also voided after the yabbies had been placed back in the feed chamber 
following the daily collection. It appeared that only a fraction of the total faecal 
material was collected using the Old collection protocol in this particular trial. 
 
7.4 Discussion 
 
7.4.1 Collection protocol 
A partitioning and preferential elimination of Cr2O3 in the faeces of yabbies was 
apparent in this study. A similar phenomenon has been reported for the caridean 
prawns, Palaemon serratus (Pennant) and Pandalus platyceros Brandt (Forster and 
Gabbott, 1971), for the homarid lobsters, H. americanus (Leavitt, 1985) and 
Homarus sp. (Bordner et al., 1983), and for the freshwater crayfish P. clarkii 
(Brown et al., 1986), but the influence of this effect on nutrient digestibility 
estimations was not evaluated in these studies. In C. destructor however, a 
considerable difference was observed in the apparent protein, dry matter, ash, and 
crude fibre digestibility coefficients between the early and late voided faecal 
samples. Therefore, it would be expected that the faecal collection protocol would 
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affect estimations of nutrient digestibility. This was found to be the case in the 
present study. 
 
The Old collection procedure (an 8 h feed and a single 4 hour collection period) 
resulted in lower estimates of protein, dry matter, ash, and crude fibre digestibility in 
comparison to the Pooled procedure (a 2 hour feed and 2 faecal collections 
beginning 8 h after feeding). Crude fibre digestibility was negative suggesting the 
origin of a considerable source of endogenous fibre. Although the secretion of a 
peritrophic membrane around the faeces would provide a confounding variable, the 
error associated with its presence would probably be small when the diets used 
contained moderate to high levels of fibre (such as in this particular study). 
Furthermore, most of the crude fibre component is attributed to cellulose and lignin 
fractions (De Silva, 1989) rather than chitin of which the peritrophic membrane is 
composed. A more likely explanation for the disparity in the digestibility 
coefficients between the Pooled and the Old collection protocol, would be in terms 
of the differential gut-transit time of nutrients. The absolute faecal composition and 
the digestibility coefficients obtained using the Old collection protocol were more 
representative of the values obtained for the late deposited faecal matter, than for the 
early collected samples. This may be due to the fact that some faecal material (both 
early and late deposited) was not collected using the 8 h feed, 4 h collection 
protocol. This is illustrated diagrammatically in Figure 7.3. Several nightly 
observations of the faecal collection chamber following the 2 hour feed (i.e. the 
Pooled protocol), revealed that faecal matter started to be defecated about 6 hours 
after the commencement of feeding. Under the experimental conditions used in this 
study (i.e. diet-type, temperature, animal size etc.), 14-16 hours was sufficient to 
ensure that most of the faecal matter was voided (and was subsequently collected 
using the Pooled procedure). The disparity in results between the 2 collection 
protocols was probably related to the relative quantities of late and early faecal 
matter that were not collected. 
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The different results obtained for the 2 collection procedures could also be attributed 
to leaching effects. Changes in the composition of the feed and the faeces occur on 
contact with water as a result of the leaching of soluble nutrients. The diet used in 
Trial 4 for example, lost 11.8% of its original dry matter after 8 hours submergence 
(refer to Figure 3.1). The rate of nutrient leaching from faeces was not determined in 
this study. However, Windell et al. (1978a) and Smith et al. (1980) observed that in 
Salmo gairdneri (Richardson), and Johannes and Satomi (1966) in Palaemonetes 
pugio that considerable losses in faecal nutrients occur only 1 h after defecation. 
Physical degradation and bacterial contamination of food and faeces may also cause 
changes in their original composition. The long resident time in water of food and 
faeces in the Old collection protocol compared with the Pooled method, may 
partially account for the disparity in the results. The time that faecal matter is in 
water prior to its collection has been reported to affect digestibility estimations in 
studies in other aquatic animals (e.g., Windell et al., 1978a; Smith et al., 1980; 
Anderson, 1988). Digestibility coefficients determined using faecal samples that 
have spent some time in water may result in over- or under-estimation of true 
nutrient digestibility depending on the nutrient studied and also on the extent of 
microbial colonisation. 
 
In order for the marker ratio method to give a good estimate of nutrient digestibility 
in yabbies, and possibly other freshwater crayfish, the faecal collection system must 
be designed to ensure the rapid collection of most of the deposited faeces. The 
preferential collection of a particular fraction of the diet has been shown in the 
present study to have a substantial impact on calculated digestibility coefficients. 
The collection of only a fraction of the faecal matter will give biased results, the 
extent of which depends on how much and which component of the faeces is 
excluded. It is well recognised that nutrient processing time is influenced by 
numerous factors including animal size and stage of development, feeding rate, diet-
type and water temperature (Tyler, 1970; Kionka and Windell, 1972; Hill, 1976; 
Windell et al., 1978b; Luquet, 1979; Hilton et al., 1981; De Silva and Owoyemi, 
1983; Storebakken, 1985; Hill and Wassenberg, 1987). Therefore it will be 
necessary to conduct a preliminary evaluation of gut-transit time using the proposed 
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experimental conditions and to design a collection method that ensures that a 
representative sample (preferably most) of the faecal matter is obtained. 
The results from Trial 1 also illustrate the problems that can be encountered in 
digestibility studies involving yabbies if they are grown in communal conditions and 
are not isolated from their faeces. Substantial reductions in protein and dry matter 
digestibility coefficients with time in culture occurred when this approach was 
adopted.  
 
The results of this study highlight the importance of developing a reliable and an 
effective faecal collection protocol. Standardised procedures are paramount for the 
effective comparison of nutrient utilisation both within and between studies. 
Presently there are no methods for collecting faeces that are completely devoid of 
inherent errors (Vens-Cappell, 1985) and the best one can do is to minimise these 
effects. Furthermore, numerous factors affect digestibility estimations (e.g., 
temperature, age, feeding level) and are adequately summarised by De Silva (1989).  
 
In several studies (Leavitt, 1985; Brown, et al., 1986) it has been reported that 
digestibility estimations involving crayfish are most accurately determined using 
gravimetric methods, and that Cr2O3 is not suitable principally because it moves 
through the digestive system at a different rate than the other constituents of the diet. 
Although Cr2O3 was incorporated into the diets evaluated in these studies, it was not 
used to determine nutrient digestibility. Brown et al., (1986) also reported that P. 
clarkii could reject some of the Cr2O3 during feeding and that faecal Cr2O3 levels 
were lower than Cr2O3 levels in the food, thereby precluding accurate estimation of 
nutrient digestibility. This may have been the result of using inappropriate diets (i.e. 
that contained coarsely ground ingredients, and that were poorly bound). In the 
present study, for all the diets evaluated, Cr2O3 was effectively concentrated in the 
faeces during its movement through the yabby gut, and it is considered that selective 
feeding was not a source of significant error.  
 
Although nutrient digestibility was not determined gravimetrically in the present 
study, it is proposed that the Cr2O3 method gives an acceptable estimation of 
nutrient digestibility, providing the faecal collection protocol is designed to ensure 
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that most of the deposited faeces are collected. A comparison of the digestibility 
coefficients obtained in this study using the Cr2O3 method, with the theoretical 
values determined from published gravimetric-based digestibility data (for similar 
freshwater crayfish) (refer to Table 7.7), indicates that very similar results are 
obtained using the 2 methods of estimation. For example, the dry matter and protein 
digestibility coefficients for diet P30S60(pooled) (determined using the final 
collection protocol) were only 0.95% higher and 0.56% lower respectively, than the 
theoretically determined values. Small differences were also noted for the other diets 
for which ingredient digestibility data were available. Furthermore, in the present 
study, the reproducibility of the results was quite acceptable (i.e. very low 
coefficients of variation), particularly for the final collection protocol (used in Trial 
3 and Trial 4, refer to Table 7.4). Very similar digestibility coefficients were also 
recorded for different trials involving the same diet (i.e. diet P30S60, Table 7.5).  
 
Despite the apparent inherent limitations of using the Cr2O3 marker technique in 
digestibility studies of freshwater crayfish, the errors associated with this procedure  
appear to be small providing most of the deposited faecal matter is collected. It thus 
appears that the faecal collection system and the final collection protocol (a 2 hour 
feed beginning at 1900 h, first 4 hour faecal collection at 0700 h, second 4 hour 
collection at 1100 h) provides a reliable and simple method (compared with 
gravimetric procedures) for estimating nutrient digestibility. A similar experimental 
design is recommended in future digestibility studies involving C. destructor. 
 
7.4.2 Nutrient processing 
C. destructor appears to have the capacity to partition selectively some components 
of its diet during normal digestive processes. Ash, protein and Cr2O3 fractions of the 
faeces collected in Trial 4 were significantly higher in the early collected samples 
than in the late faecal samples. The reverse was true for the crude fibre component. 
This phenomenon could be caused by discrete changes in the activity and 
composition of enzymes with time following feeding. Early secretions into a 
particular region of the gut for example, may result in the more complete digestion 
of a component of the diet compared with later digestive secretions. Indeed “waves” 
of enzymatic activity following feeding have been recorded in the intestines of 
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several species of fish (Steffens, 1989) and in the hepatopancreas of other decapod 
crustaceans (Van Weel, 1970; Barker and Gibson, 1977; Gibson and Barker, 1979; 
Conklin et al., 1983; Dall and Moriaty, 1983; Icely and Nott, 1992). The differential 
digestion of successive portions of food by C. destructor, requires the presence of 
structures that can physically isolate food and that can control the passage of 
“discrete packages” of partially digested food into other regions for further 
processing. The most likely region for this to occur is in the cardiac or pyloric 
regions of the proventriculus, where the combined action of various structures (i.e. 
the oesophageal valves, gastric mill, pyloric valves and pyloric sphincter) can 
effectively isolate successive portions of food during its digestion (Icely and Nott, 
1992). The overall effect of changes in digestive secretions and of the 
compartmentalisation of food and its discrete movement through the proventriculus, 
may account for the observed variation in faecal composition over time. However, 
such a digestive strategy has not been proposed for any other decapod crustacean 
and requires further evaluation before definitive comments can be made. 
 
While the digestive system of several marine and estuarine decapod crustaceans has 
been the focus of numerous detailed studies (e.g. Gibson and Barker, 1979; Dall and 
Moriaty, 1983; Dall et al., 1990; Van Weel, 1970), relatively little information is 
available for freshwater crayfish. No published data are available that specifically 
examines digestive processes in C. destructor. Nevertheless, the few studies that 
have been conducted on similar freshwater crayfish (O’Brien; 1990, 1994, for C. 
tenuimanus; Loya-Javallana et al., 1994 for C. quadricarinatus; D’Abramo and 
Robinson, 1989, review) indicate that the morphology of the digestive system of C. 
destructor is principally the same as that of other decapod crustaceans. The complex 
digestive morphology of freshwater crayfish allows the separation of ingested food 
into discrete components that have different physical and chemical characteristics. 
This has been recorded quantitatively and qualitatively for C. destructor in the 
present study and has also been reported in a qualitative manner for several other 
decapod crustaceans (Forster and Gabbott, 1971, for P. serratus and P. platyceros; 
Newman and Lutz, 1982, for M. rosenbergii; Bordner et al., 1983, Homarus sp.; 
Leavitt, 1985, for H. americanus). The partitioning of nutrients during digestion 
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provides a more plausible explanation for the observation that nutrient levels in the 
faeces vary with time of defecation. 
The confinement of food and its thorough trituration by a well developed gastric 
mill in the cardiac region of the proventriculus, ensures that some portions of the 
food are rapidly degraded physically following their ingestion. Fractions of the diet 
that are particularly resistant to physical breakdown may remain in the cardiac 
region for a considerable time following feeding. In fact large silicone fragments 
were recovered from the proventriculus of several animals a number of days after 
the material had been ingested. Presumably the artificial rubbery nature of this 
material prevented its physical or chemical degradation and the particle size was too 
great to permit direct transfer into the hindgut. The trituration process effectively 
increases the surface area of the food for maximum exposure to enzymatic 
secretions from the hepatopancreas. This results in the movement of fluid and fine 
particulate matter into the ventro-lateral and ventral setose grooves of the cardiac 
region of the proventriculus. The fine particulate matter, which contains both 
digestible and indigestible components including Cr2O3, then passes into the pyloric 
region of the proventriculus where further size selection occurs. In this region the 
action of the filter press allows particles of less than about 1 µm to pass into the 
hepatopancreas for subsequent processing. The remaining insoluble fraction 
containing Cr2O3 and other indigestible components passes into the hindgut region 
for compaction prior to elimination. Some of the remaining liquid fraction may pass 
dorsally into the pyloric cavity and back to the anterior cardiac region for another 
cycle of digestion. The larger components left in the cardiac region may be exposed 
to a number of digestive cycles after which the remaining indigestible fraction 
passes through the pyloric region into the dorsal pyloric valve (funnel) and then into 
the faecal compaction area prior to defecation. The resultant effect of this digestive 
sequence is that the smaller indigestible particulate matter (including Cr2O3) has a 
lower gut-residence time than the larger indigestible components of the diet. This 
results in early deposited faecal matter with a high Cr2O3, protein and ash content 
and a low fibre content compared with late deposited faeces. 
 
Certain molluscs and bivalves also have complex alimentary tracts that are 
morphologically adapted to sorting particles according to size (Lopez and 
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Levington, 1987). The net result of selective nutrient processing is that different 
types of food particles are retained in the gut for varying lengths of time. It is 
generally considered that the less nutritious components of the diet (such as the 
indigestible inorganic fraction in the present study) are most rapidly egested so that 
more food can be consumed. It is also plausible however, that certain highly 
digestible, high nutrient value components of the diet may also be processed rapidly 
in this manner. Furthermore, the organic fractions of the diet that remain for a longer 
period of time, such as the fibre component in the current study, may be of low 
nutrient value and may require a long residence time to ensure thorough digestion. 
The degree of nutrient partitioning appears to be related to the digestibility of the 
various fractions of the diet and to the particle size distribution of the diet. The 
differential retention of ingested particles may provide a mechanism by which food 
is more efficiently digested and assimilated (Self and Jumars, 1978). The 
antagonistic effects of digesting a complex mixture of substances may be alleviated 
by separating the food into different components which can then be exposed to a 
chemical environment specific to each individual fraction. The ecological 
implications of such a process of particle sorting and of differential gut-transit times 
has been discussed in a number of studies involving other benthic animals (Taghon, 
1982; Lopez and Levinton, 1987; Lopez et al., 1989). Several foraging theories and 
models have been proposed (e.g. Taghon et al., 1990) in an attempt to explain the 
wide morphological, physiological and behavioural diversity of animals that utilise 
benthic food resources. C. destructor has been given no such consideration. 
Furthermore, although the partitioning of nutrients during digestion has been 
reported for other decapod crustaceans (Forster and Gabbot, 1971; Bordner et al., 
1983; Leavitt, 1985), the functional significance of this process has not been 
adequately addressed. 
 
The digestive strategy that C. destructor has acquired through evolutionary 
processes, is a critical link to the nutrient reserves of the environment. The apparent 
ability to selectively process certain dietary components may be a mechanism that 
permits the rapid throughput of foods that intrinsically have little or no nutrient 
value. According to the optimal foraging theory proposed by Taghon (1981), 
sediment feeding animals alter their behaviour in an attempt to maximise the net rate 
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of energy gain. Rapid processing of the low (and maybe high) nutrient value 
components of the diet permits a higher feeding rate than would otherwise be 
possible. Alternative models such as the one proposed by Calow (1982) are based on 
homeostatic mechanisms where feeding behaviour is regulated in order to maintain a 
relatively constant rate of energy gain regardless of fluctuations in the quality or 
quantity of available food. In order to evaluate the applicability of models such as 
these to C. destructor, it is necessary to examine food consumption rates in relation 
to nutrient value, gut-transit and time-dependent absorption. Although this was 
outside the scope of the present study, some details regarding gut-transit times in 
relation to food-type were recorded and are discussed in more detail in Chapter 9. 
 
The benthic habitat of C. destructor, in common with many other commercially 
important decapod crustaceans, usually contains significant quantities of fine 
particulate organic and inorganic matter that may be inadvertently consumed during 
feeding. Although freshwater crayfish are selective in their feeding behaviour 
(Holdich and Reeve, 1988; Loya-Javellana et al., 1993), the physical characteristics 
of the detritus-based foods upon which they feed (Momot, 1984; Goddard, 1988; 
D’Abramo and Robinson, 1989; Huner and Lindqvist, 1995) can make the selection 
process somewhat inefficient. Furthermore, the generally low nutrient value of 
detritus-based foods that are in an advanced stage of decay, (Bowen 1987) 
necessitates that large quantities may have to be processed in order to supply 
sufficient nutrients for growth and reproduction (Lopez and Levinton, 1987). 
Consequently a significant quantity of the ingested food may be of little or no 
intrinsic value. Therefore the rapid evacuation of this component of the diet from the 
gut would be a desirable outcome. Based on the results of the present study, C. 
destructor appears to have the ability to preferentially eliminate some portions of its 
diet. This capacity may be instrumental in the ability of this animal to survive in 
detritus-based systems that are nutrient limited.  
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7.4.3 Alternative markers/ alternative procedures 
Food intake and faecal output were not determined gravimetrically in this particular 
study. All digestibility estimations were based on the use of chemical markers, that 
were either endogenous natural components of the diet (ash, HROM, HRA, and 
crude fibre), or exogenous and added to the feed (Cr2O3). A complete evaluation of 
these markers would necessarily involve a comparison with the “true” digestibility 
coefficients. Within the scope of this study however, it is possible to assess the 
relative merits of each marker and to comment on their possible use in dietary 
studies involving yabbies. Cr2O3 was regarded as a control in this study in the 
absence of a more precise means of estimating nutrient digestibility. Although the 
use of Cr2O3 as an indirect digestibility marker has received criticism based on its 
partitioning in the faeces of other decapod crustaceans (Forster and Gabbott, 1971; 
Newman and Lutz, 1982; Bordner et al., 1983; Leavitt, 1985; Brown, 1995a), it has 
remained the primary means by which researchers evaluate nutrient digestibility. 
Indeed, numerous recent accounts of its use are available (e.g. Akiyama et al., 1989; 
Law et al., 1990; Catacutan, 1991; Eusebio, 1991; Shiau et al., 1991a, 1991b; 
Koshio et al., 1992a. 1992b, 1993; Clark et al., 1993; Cuzon et al., 1994). 
Furthermore, the results of the present study suggest that by collecting most of the 
faecal matter eliminated following a meal (more than about 90%), errors in the 
digestibility calculations caused by the preferential elimination of Cr2O3 should be 
small (refer to Table 7.7). “Apparent” digestibility estimations should therefore be 
reasonable approximations of “true” nutrient digestibility, although a variety of 
potential sources of error still remain. 
 
Dry matter and protein digestibility coefficients varied according to the marker used. 
The values obtained for HRA were unreasonably high, especially for protein where 
a digestibility coefficient of 99.6% was obtained. Protein digestion of this order of 
magnitude has not been recorded for any other freshwater crayfish. The most likely 
reason for the apparent overestimation is that the very low HRA content of the diet 
(0.06%) introduced a large error to the calculations. Thonney et al. (1984) 
recommended that diets should contain HRA (as acid insoluble ash) at levels in 
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excess of 0.75%. It is generally advised to utilise markers at a 1.0-6% inclusion 
level (Furukawa and Tsukahara, 1966) in an attempt to reduce such errors although 
in most studies levels less than 2% are used. In situations where this cannot be 
achieved using endogenous markers, an exogenous supplement should be added to 
the diet. Thonney (1981) and Atkinson et al. (1984) for example, added celite to the 
HRA component of their test diets and demonstrated an increase in the precision of 
the resultant digestibility coefficients. Tacon and Rodrigues (1984) supplemented 
the HRA component with acid-washed sand, however found a reduction in precision 
with increasing inclusion levels to 2%. Although HRA has been used successfully to 
determine digestibility coefficients in fish (e.g. Bowen, 1981; De Silva and Perera, 
1983; Atkinson et al. 1984), at the dietary inclusion levels used in the present study 
it appears to be of little value. 
 
The ash, crude fibre (CF) and hydrolysis resistant organic matter (HROM) 
components of the diets all appear to be assimilated to such an extent (see discussion 
below) that if they are used as digestibility markers they result in low PD and DM 
digestibility coefficients compared with the results obtained using Cr2O3. In 13 
separate digestibility evaluations involving ash and 3 involving CF (Table 7.4), the 
use of Cr2O3 resulted in higher digestibility coefficients than for the other 2 dietary 
components. Leavitt (1985) also reported that the ash-ratio technique resulted in 
underestimates of nutrient digestibility in the American lobster, H. americanus. 
Newman and Lutz (1982) (for M. rosenbergii) rejected the use of ash as a 
digestibility marker on the basis that significant quantities were absorbed by the test 
animal. Clifford and Brick (1979) however, compared the gravimetric method with 
the ash-ratio technique for M. rosenbergii and claimed that using ash as a 
digestibility marker was a valid procedure. It is clear that further work is necessary 
to verify the use of dietary ash as a marker compound in digestibility studies 
involving freshwater crayfish.   
 
The digestibility coefficients obtained using ash, CF and HROM were very similar. 
Based on the ease and speed of determination, the ash component of a diet is the 
obvious choice for use as a digestibility marker in field situations. De Silva et al. 
(1984) have also recommended using ash in such situations and point out that even 
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if small quantities are assimilated, provided the ingested material has a high 
proportion of ash (>18%) the final digestibility coefficients would not be 
significantly affected. Condrey et al., (1972) included a correction factor for ash 
digestion in nutrient assimilation studies of the prawn Penaeus setiferus and P. 
aztecus and reported that the error in the assimilation coefficients varied inversely 
with the ash content of the food. Clifford and Brick (1979) also used the ash-ratio 
technique to determine protein absorption in M. rosenbergii. In the present study, 
the dietary ash content varied from 5% to 14.6% in the 13 different digestibility 
evaluations. Even at high dietary ash levels the digestibility coefficients were 
significantly lower than the values obtained using Cr2O3. Nevertheless, the dietary 
ash content of yabbies grown in natural environments may be substantially higher 
than the ash content of the diets evaluated here. Indeed, natural diets of yabbies have 
been recorded in this study (Chapter 9) to contain up to 47% ash. In such situations 
the ash component may provide reliable estimates of nutrient digestibility. 
 
In order to more thoroughly validate the use of various digestibility markers it is 
necessary to compare results with a control group in which the digestibility 
coefficients are determined gravimetrically. Exogenous markers such as Cr2O3 must 
also be evaluated for their capacity to accumulate in the tissues of test animals, as 
has been reported for certain species of fish (Shiau and Liang, 1995) and other 
animals (Calow and Fletcher, 1972; Elias et al., 1986). The effect of such markers 
on the test animals digestive physiology and on nutrient utilisation should also be 
considered. Furthermore, it is necessary to obtain experiment-wise error rates (e.g. 
due to variation caused by factors associated with the sampling technique, the 
analytical procedure and due to natural fluctuations in nutrient digestibility) so that 
different dietary inclusion levels of the marker compounds can be compared 
meaningfully. Subsequent digestibility studies involving C. destructor require the 
development of a system that enables the accurate gravimetric determination of food 
consumption and total faecal output. This will pose future researchers with a 
considerable challenge, but it is nevertheless essential to ensure that precise 
determinations of nutrient digestibility can be made. 
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7.4.4 Nutrient digestibility 
7.4.4.1 Dry matter 
Excellent dry matter digestibility coefficients were obtained for most of the diets 
tested and ranged from a minimum of 71.8% (P30S40 diet) to a maximum of 91.4% 
(zooplankton-based diet). Comparable results have been reported for P. clarkii 
(Brown et al., 1986, 1989; Reigh et al., 1990) when fed practical diets similar in 
composition to those of the present study. Dry matter digestibility was high for diets 
based on a wide array of ingredient-types which suggests that C. destructor has a 
versatile digestive system which may reflect its natural omnivorous feeding 
behaviour. 
 
No apparent trend occurred in dry matter digestibility in relation to the ash or crude 
fibre components of the diets. For example, although the diet with the lowest ash 
and crude fibre content (i.e. the zooplankton-based diet; ash = 5.0%, fibre = 3.3%) 
produced the highest dry matter digestibility coefficient, this result was not 
significantly different to the digestibility coefficient obtained for the diet that 
contained the largest quantity of ash and crude fibre (i.e. the yabby-based diet; ash = 
14.6%, fibre = 5.1%). Although these 2 crustacean meal-based diets had a rather 
different proximate composition they were digested with similar efficiency. 
Contrary to the results obtained here for C. destructor, a reduction in dry matter 
digestibility with increasing levels of dietary ash and/or crude fibre has been 
reported for other decapod crustaceans (e.g. Reigh et al., 1990, for P. clarkii; Koshio 
et al., 1992a, for H. americanus; Sarac et al., 1993, for P. monodon). 
 
7.4.4.2 Protein 
Protein digestibility coefficients (determined using Cr2O3) varied from 88.4% 
(P30S0) to 96.0% (P30S60). These results are consistent with the range of protein 
digestibility values reported for other freshwater crayfish fed similar practical diets 
(Ellis et al., 1987; Brown et al. 1986; Reigh et al. 1990; also refer to Table 7.7). All 
the protein-types evaluated in the present study were well digested, although it must 
be stated that digestibility coefficients for individual ingredients were not 
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determined and require closer examination in future digestibility studies involving 
C. destructor. 
The source of the dietary protein was relatively unimportant when considering the 
high digestibility coefficients recorded for all the diets evaluated. Reigh et al. (1990) 
reported a similar outcome in a digestibility study involving P. clarkii and 
concluded that “the choice of protein supplements for crayfish should depend on 
protein content and amino acid composition, since protein digestibility coefficients 
for most available supplements are adequate”. Akiyama (1988) also reported that 
feedstuff origin had no affect on protein digestibility in Penaeus vannamei and 
several other species of prawn and suggested that protein quality was a more 
important criterion for selecting protein-types to include in feeds. The lack of 
nutritional information on C. destructor however, creates a difficulty in making 
accurate extrapolations beyond the range of diets used in this study. Further 
digestibility evaluations of other potentially useful feedstuffs must be made. 
 
Diets that contained a high level of animal protein together with those that were 
principally composed of plant-based ingredients were all highly digestible. The 
yabby meal-based diet and the P30S60 diet series for example, contained 80.4% and 
80.2% of the protein component from animal-based (yabby and fish meals) and 
plant-based (soybean meal and wheat) ingredients respectively. The apparent protein 
digestibility coefficients were almost identical for animals fed these 2 very different 
diets, (PD: yabby-based diet; 94.1%; P30S60; 94.8% - mean of 5 separate 
determinations). Excellent protein digestibility coefficients were also recorded for 
diets that contained high inclusion levels of other animal meals. These results are 
somewhat inconsistent with those reported by Brown et al., (1986, 1989) for P. 
clarkii. In these studies it was found that plant feedstuffs generally produced higher 
digestibility coefficients than those of animal origin. A number of digestibility 
studies on marine shrimp have also resulted in contradictory results regarding the 
relative merits of animal and plant-based ingredients. In a number of cases (Law et 
al., 1990; Ali, 1992), plant-based proteins were reported to be more digestible than 
those of animal origin, whereas in other situations (Nose, 1964; Forster and Gabbott, 
1971; Fenucci et al., 1982) the reverse was true. Furthermore, in several other 
studies (Ting, 1970; Smith et al., 1985; Akiyama et al., 1989) protein digestibility 
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from plant and animal sources was found to be similar. Such discrepancies may be 
related to natural feeding behaviour (e.g. carnivorous versus herbivorous), (Fenucci 
et al., 1982), ingredient quality, diet composition (Akiyama et al., 1989) and 
experimental conditions. 
 
Ingredients derived from wheat (i.e. wheat flour, bran, and starch) were incorporated 
into all the test diets at reasonably high inclusion levels (up to 64.3% dry weight for 
the zooplankton-based diet) and contributed from 18.6% (A30) to 26.2% (P30S0) of 
the total protein content of the diets. As gluten proteins are the main protein-types 
present in wheat flour and wheat bran, it is reasonable to assume, based on the high 
protein digestibility coefficients, that it is well digested by C. destructor. Wheat 
gluten has also been reported to be utilised effectively by other species of freshwater 
crayfish (Sick and Millikin, 1983; Brown et al., 1986; Reigh et al., 1990). For 
example, Reigh et al. (1990) found that wheat gluten was completely digested by P. 
clarkii, however they clarified this unexpectedly high result in terms of a synergistic 
effect caused by adding this ingredient to the reference diet. Gluten is also 
recognised for its capacity to act as a natural binder (Shiau et al., 1991a) and has 
been used successfully in the diets for numerous other decapod crustaceans (e.g., 
Balazs et al., 1973; Cuzon et al., 1982, 1994; Sick and Millikin, 1983; Bordner et 
al., 1986; Akiyama, 1988; Galgani et al., 1988; Akiyama et al., 1989). Utilising a 
binder material that is cheap, readily available, and effectively assimilated by the 
target species, is important for the development of cost-effective feeds. Gluten 
satisfies these criteria. It appears to be effectively digested by yabbies and other 
freshwater crayfish and is a readily available by-product of a large grain industry in 
Australia. Furthermore, it may be useful when present alone or when present in a 
less refined state in wheat flour. 
 
Wheat starch (both the purified form and the crude component of wheat flour) is 
also regarded to be a very good source of carbohydrate for freshwater crayfish, 
supplying both energy and specific skeletal components needed for a plethora of 
metabolic pathways. Indeed, Reigh et al. (1990) reported for P. clarkii, that the 
starchy seed meals and grain by-products had the highest dry matter, protein and 
energy digestibility coefficients of a wide variety of compounds tested. Starch has 
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also been found to be well utilised by certain penaeid shrimp (Andrews et al., 1972; 
Shiau and Peng, 1992). Based on these observations it appears that wheat products 
are valuable ingredients to include in practical diets for freshwater crayfish due to 
their positive effect on pellet stability and also as a source of essential nutrients. 
 
Diets that contained high inclusion levels of soybean meal (up to 36.3% as dry 
weight in diet P30S60) were all utilised effectively by C. destructor. Brown et al., 
(1986) and Reigh et al., (1990) also found soybean meal to be highly digestible by 
P. clarkii and reported protein digestibility coefficients of 98.7% and 94.8% 
respectively, which are similar to the values obtained in the present study. High 
soybean meal protein digestibility coefficients have also been recorded in several 
studies involving prawns (Akiyama, 1988; Akiyama et al., 1989; Catacutan, 1991; 
Eusebio, 1991).  
 
Meat meal also appears to be a promising feedstuff for use in practical diets for C. 
destructor. It is a readily available resource in Australia and appears to be well 
digested by yabbies. Reigh et al., (1990) recorded a protein digestibility coefficient 
of 86.5% for P. clarkii fed a diet similar to the one used in this study. Although 
Reigh et al. included 5.2% (as dry weight) less meat meal in their diet, the protein 
digestibility coefficient was 2.9% lower than the value obtained here. In the present 
study, sieving the meat meal to 1mm prior to pelletisation (Chapter 4) removed 
some of the bone and hair fragments. The result may have been to improve protein 
digestibility by removing some of the indigestible components. As Reigh et al., 
(1990) did not report the proximate composition of the feedstuffs they evaluated, a 
more meaningful comparison cannot be made.   
 
Crustacean meals obtained as a by-product of fishery and aquaculture processing 
activities are a widely used constituent of feeds for decapod crustaceans (Chapter 4). 
The nutritional value of such meals depend on the processing method, the species 
used and on which parts of the animal form the basis of the meal (i.e. head, tail, 
hulls or whole), (Cruz-Suarez et al., 1993). In the present study, yabby meal made 
from whole animals was a satisfactory source of dietary protein. No other 
digestibility data are available for diets that are formulated using a freshwater 
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crayfish meal, although a number of studies have assessed the value of marine-based 
crustacean meals. Species such as P. clarkii (Brown et al., 1986; Reigh et al., 1990) 
and M. rosenbergii (Law et al., 1990) appear to be able to utilise effectively diets 
based on this ingredient (i.e. shrimp and crab meals), although the protein 
digestibility coefficients obtained in these studies (at approximately 70-80%) were 
lower than those obtained for the yabby meal-based diet of the present study. 
 
Crustacean meals made from freshwater zooplankton are not commonly used in 
aquaculture, although various marine species of Artemia (as biomass) are 
incorporated into some specialist-type diets. Nevertheless, large freshwater 
zooplankton blooms are a frequent occurrence in Australia and may be harvested 
and stored for subsequent use. It is apparent from the results of the present study, 
that incorporating zooplankton into a pelleted diet is an effective method of 
supplying nutrients to yabbies, however the superior growth rate of animals fed 
intact live/frozen zooplankton (Chapter 6) preclude their use in pelleted feeds. 
 
The common garden snail (Helix sp.) also appears to be a potentially useful feedstuff 
to incorporate into artificial diets for C. destructor. The protein digestibility 
coefficients, the growth response, and the feed utilisation data (Chapter 4) all 
indicate that this ingredient is utilised effectively. Although protein digestibility was 
significantly lower than for all the other diets, except the meat meal-based diet, the 
growth and feed utilisation data were comparable or better. This clearly illustrates 
the necessity for digestibility studies to be conducted in conjunction with an 
evaluation of growth and feed utilisation. Snail-based meals have not previously 
been evaluated in nutrition studies involving freshwater crayfish, although other 
molluscs, mainly bivalves and cephalopods, have been included in the diets of other 
decapod crustaceans (Chapter 4). The apparent effective utilisation by C. destructor 
of an artificial diet based on Helix sp., requires that further consideration be given to 
the aquacultural exploitation of this pest species. 
 
Fish meal has been evaluated in numerous digestibility studies and is generally 
considered to be an excellent source of nutrients for most decapod crustaceans. The 
continued reliance on fish meal for use in the diets of freshwater crayfish however, 
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presents a problem which must be addressed urgently. The search for other suitable 
protein-based ingredients must continue in light of the escalating demand on a 
diminishing world-wide fish meal resource (Chapter 1). In the present study, all the 
practical diets that were evaluated for nutrient digestibility contained a significant 
portion of fish meal-based protein (from 18.6%, zooplankton-based diet; to 73.8%, 
P30S0). It now seems pertinent to attempt to entirely replace the fish meal 
component of such diets with a blend of other suitable protein-based ingredients. 
Substitutions of this type have commonly involved the use of soybean meal and 
have typically resulted in significantly lower growth for diets devoid of fish meal 
(i.e. 100% substitution). For example, Lochmann et al. (1992) and Reigh et al. 
(1993) for P. clarkii, and Lim and Dominy (1990) for P. vannamei, replaced all the 
fish meal component of their diets with soybean meal and reported a significant 
growth retardation by doing so. In future nutrition work involving C. destructor a 
variety of alternative ingredient combinations should be evaluated for their potential 
to replace the fish meal component. Digestibility studies in conjunction with 
evaluations of growth and dietary utilisation, must form a central role in such 
studies. 
  
7.4.4.3 Fibre, Ash and Chitin 
Finfish have been reported to have limited or no capacity to digest fibrous materials 
such as cellulose and chitin (De Silva and Anderson, 1995). However the nutritional 
significance of these dietary constituents remains uncertain (Davies, 1985), 
particularly in light of the fact that cellulase activity has been reported in numerous 
fish (Stickney and Shumway, 1974; Prejs and Blaszczyk, 1977; Steffens, 1989; 
Lesel, 1993) and that various fibre-types may form a large component of the natural 
diet of some herbivorous species. Increased levels of dietary fibre usually result in 
reduced nutrient digestibility (Steffens, 1989; De Silva and Anderson, 1995). The 
nutritional importance of dietary fibre to decapod crustaceans is also largely 
unknown, despite reports of the presence of endogenous and microbially derived 
cellulase activity in various species (Yokoe and Yasumasu, 1964; Elyakova, 1972; 
Conklin, 1980; Fair et al., 1980; New, 1990; Musgrove, 1988). The presence of 
cellulase has also been recorded in extracts from the hepatopancreas of C. destructor 
(Walker and McRae, 1985, unpublished report).  
 164
 
The crude fibre component of the diets evaluated in this study was principally of 
plant origin (i.e. cellulose and lignin). It appears that yabbies have the capacity to 
digest a significant proportion of this dietary constituent. 
As much as 57 % of the crude fibre component (diet A30) was digested. The origin 
of the cellulose degrading enzymes and the sites of digestion were not evaluated in 
this study. The test animals came from a farm dam and probably contained a large 
population of cellulose degrading microorganisms in the gut, which may have 
contributed to the high crude fibre digestibility coefficients. No other data on crude 
fibre digestibility in freshwater crayfish are available. Fair et al. (1980) however, 
found that including up to 30% cellulose in the diet of M. rosenbergii did not cause 
a reduction in growth and resulted in an increase in total nitrogen assimilation, 
although dry matter assimilation decreased. Leavitt (1985) recorded only a 4% 
reduction in dry matter digestibility in H. americanus when the fibre content of the 
diet was increased almost eight-fold to 36.9% (as dry weight). It has also been 
reported for H. americanus (Kohio et al., 1992a), P. clarkii (Reigh et al., 1990) and 
P. monodon (Sarac et al., 1993) that nutrient digestibility is generally negatively 
related to the quantity of fibre in the diet. The exploitation of high fibre feeds by 
freshwater crayfish growing in natural systems and in managed aquaculture ponds, 
clearly illustrates the necessity for more detailed studies on the nutritional 
significance of this dietary component. 
 
The inorganic fraction of the diets used in this study was digested with an efficiency 
that was dependent on the diet. The digestibility coefficients were highly variable 
and ranged from 17.3% (snail-based diet) to 73.2% (zooplankton-based diet). 
Leavitt (1985) also reported variable ash digestibility coefficients (from 4.2%-
91.5%) for H. americanus using a gravimetric method of analysis. Data on ash 
digestibility for other freshwater crayfish are not available, however Reigh et al., 
(1990) working with P. clarkii found that nutrient digestibility was generally 
negatively influenced by the quantity of ash and chitin in the diet. In the present 
study a deleterious effect was not apparent when yabbies were fed diets that 
contained reasonably high levels of these substances (up to 14.64% ash, and 
approximately 4% chitin in the yabby meal-based diet). The benthic nature of C. 
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destructor and its ability to utilise sediment and detritus-based food resources may 
result in the ingestion of a considerable quantity of inorganic material (refer to 
Chapter 9). This component of the diet may subsequently be processed more rapidly 
than the more nutritious components. The natural diet of yabbies (e.g., zooplankton 
and insects), their cannibalistic behaviour and tendency to consume cast exuviae 
following ecdysis, may also result in the ingestion of a considerable quantity of 
chitin. Furthermore, chitin is also frequently present in manufactured feeds as a 
component of crustacean meals (Fox, 1993). Chitin degrading enzymes are found in 
numerous decapod Crustacea (Elyakova, 1972; Hood and Meyers, 1973; Conklin, 
1980; New, 1990; Spindler-Barth et al., 1990; Clark et al., 1993; Fox, 1993), 
however their presence in C. destructor is yet to be confirmed. The relative 
contribution that chitinoclastic gut bacteria and endogenous enzymes have to chitin 
digestion remains uncertain. Further studies on the ash and chitin components 
present in the diet of C. destructor are warranted. 
 
7.5 Conclusion 
  
1. C. destructor has to have the capacity to effectively digest a range of compounded 
diets that have very different nutritional qualities, and that are composed of 
ingredients obtained from a wide variety of sources.  
2. The digestive system of C. destructor is both versatile and efficient with respect 
to nutrient utilisation and may reflect the natural habitat preference and 
opportunistic omnivorous feeding behaviour of these animals. 
3. Nutrient digestibility estimations provide a method for evaluating the relative 
merits of ingredients for incorporation into artificial diets on a cost-effective 
basis. They are an essential step in the effective development of all aquaculture 
feeds, but cannot be viewed in isolation due to the plethora of processes that 
occur after digestion has occurred. Nutrients are assimilated according to the 
metabolic requirements of the animal, which from an aquacultural perspective, 
may not produce a desirable outcome (i.e. growth). It is therefore necessary to 
conduct nutrient digestibility studies in conjunction with evaluations of growth 
and feed utilisation. Only by doing so will a complete picture of the digestive and 
assimilative potential of an animal become apparent. 
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4. Although Cr2O3 appears to contravene some of the requirements to be deemed a 
suitable digestibility marker, the errors associated with its use in freshwater 
crayfish digestibility studies appear to be small providing the majority of the 
deposited faecal matter is collected and that the diets evaluated are water stable 
and contain finely ground ingredients (to prevent preferential feeding). 
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Table 7.3 
Apparent protein, dry matter, ash, and crude fibre digestibility coefficients 
for various diets using chromium as the digestibility marker*. 
       
Trial Diet1 Digestibility coefficient2    
  DMD  PD AD CFD                                 
       
1** P30S0  74.86 ±0.44a 88.36 ±0.36a 20.53 ±1.00a
 P30S20  79.95 ±0.01b 91.35 ±0.01b 41.88 ±1.12b
 P30S40  71.80 ±0.72c 89.24 ±0.29c 24.93 ±2.32c
 P30S60 83.70 ±0.24d 95.20 ±0.17d 51.50 ±0.61d  
       
2a*** Meat 84.83 ±2.80ab 90.60 ±1.94a 57.90 
 Snail 80.13 ±1.05a 88.27 ±0.58a 17.33  
 Soy(P30S60) 84.04 ±2.92ab 94.96 ±0.83b 42.04  
 Yabby 89.31 ±1.49b 94.05 ±1.07b 73.22  
 Zoo 91.40 ±0.87b 95.71 ±0.40b 52.43  
2b P30S60 87.72 ±0.25 95.97 ±0.06 48.68 ±1.23 52.23 ±1.15  
       
3 A30 88.64 ±0.66 95.24 ±0.26 53.00 ±0.55 56.56 ±4.17 
       
4a P30S60(pooled) 84.86 ±0.53a 95.31 ±0.25a 41.18 ±2.34a 36.96 ±1.32a   
  b P30S60(old) 74.81 ±0.57b 92.49 ±0.34b 28.04 ±1.60b -17.13 ±3.55b  
       
1; a: PxSy (x = % protein, y = % soybean meal substitution level) (refer to Chapter 3),  
    Meat meal; Fat-free soybean meal; Snail (Helix species.); Yabby carcass;   
    Zooplankton (Calamoecia, Boeckella) (refer to Chapter 4), 
    A30, 30% protein fish meal/yabby meal-based diet (refer to Chapter 5),     
2; PD; protein digestibility, DMD; dry matter digestibility; AD, ash digestibility; CFD, crude fibre 
digestibility 
Pooled; 2 hour feed followed by 2 faecal collections the following moring. 
Old; 8 hour feed, 4 hour collection (see Digestibility protocol, Table 7.1) 
*      Values with the same superscript (within trials) are not significantly different (P>0.05)  
**    Standard errors are analytical error values for trial 1 (faecal samples were pooled within  
        treatments then subsampled) 
        All other digestibility error values are due to daily fluctuations in digestibility and due also  
        to analytical error. 
***  Daily samples were pooled to obtain a single ash value 
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CHAPTER 8  
 
Growth and feed utilisation in earthen ponds and pond microcosms 
using pelleted diets and forage crops as primary feed inputs 
 
8.1 Introduction  
Detritus is considered to be an important nutrient source for C. destructor (Mitchell 
et al., 1995) and other freshwater crayfish (Lorman and Magnuson, 1978; Momot et 
al., 1978; Goddard, 1988; Huner, 1990), particularly during the advanced stages of 
development (Goddard, 1988, McClain et al., 1992b). In most cases this conclusion 
is based on the visual inspection of foregut samples obtained from wild caught 
specimens (e.g., Mason, 1975; Lorman and Magnusson, 1978; Momot et al., 1978; 
Growns and Richardson, 1988), from the growth response of animals cultured in 
detritus-based environments (e.g., Mills and McCloud, 1983, Mitchell and Collins, 
1989; Smallridge, 1992; Geddes and Smallridge, 1993), or from tank-based food 
selectivity and nutrient assimilation studies (e.g., Reynolds, 1979; Wiernicki, 1984; 
McClain et al., 1992a; Ilheu and Berdardo, 1993; Loya-Javellana et al., 1993).  
 
Mitchell et al. (1995) proposed a conceptual production model for crayfish pond 
culture that included detritus as one of the key components. The 3 main phases of 
the production cycle were based on a transition in natural feeding behaviour of 
hatchlings and juveniles, which mainly consume zooplankton, to adults which prefer 
detritus. Supplementary feeds were included in the model during the latter phase of 
production to compensate for the nutritional depletion of the detritus-based feed 
resource. Central to this model is the production of a high quality microbially 
enriched detrital forage component (MEDF) that supplies nutrients to crayfish either 
directly or indirectly via other production pathways. Implicit in the model is the 
direct dependence of larger crayfish on the MEDF component as the major source of 
nutrients. 
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To some extent, Momot (1995) has challenged the basis on which this model is 
formulated by proposing that the detrital component of crayfish diets is of secondary 
importance to the consumption of fresh animal material (mainly aquatic 
invertebrates). Indeed, it has been shown for other freshwater crayfish (e.g., 
McClain et al., 1992b, Brown, 1995a, Momot, 1995), that juveniles are unable to 
use plant detritus for significant weight gain, although similar studies of animals in 
more advanced stages of development have not been conducted. Furthermore, 
previous results (Chapter 6) have shown that yabbies in all phases of development 
can effectively utilise freshwater zooplankton (at a sufficient density). MEDF may 
in fact be of less importance in situations where high quality animal-based material 
is abundant. Ilheu and Bernardo (1993) interpreted the feeding preference of P. 
clarkii in terms of cost-benefit analysis, and proposed that a detrital feeding 
response occurred in most natural situations due to the high energetic cost of 
predating on animals despite a preference for animal foods in tank-based studies. 
Loya-Javellana et al. (1993) for C. quadricarinatus, found that plant detritus was 
selected either in preference to zooplankton (for 20-75mm animals) or on an equal 
basis (for independent stage 1 and 2 animals), and concluded that this crayfish is 
primarily a detritivore. Confusion exists as to the exact nature of the shift in feeding 
behaviour of freshwater crayfish and to the nutritional importance of detritus 
compared with natural and manufactured animal-based feeds. The present study will 
help to clarify the nutritional importance of MEDF to C. destructor. 
 
In Australia, forage crops have been used to cultivate crayfish for more than a 
decade. Green crops such as clover, rye grass, barley and oats are used, depending 
on the season and locality. They are usually grown in the base of the pond prior to 
flooding, although they may be cultivated elsewhere and added to ponds some time 
after being harvested. Cheap agricultural plant products (e.g., wheat straw, lucerne, 
lupins) and manufactured pelleted diets are also used as feed supplements. Some 
farmers utilise processing wastes from wild fisheries and non-endemic pest species 
(e.g., carp) as a source of animal protein. Inorganic fertilisers are also used in an 
attempt to stimulate the production of natural food organisms. Despite the prevalent 
use of various forage crops, no information is available regarding the simultaneous 
comparison of popular forage-species. Furthermore, in only 4  studies involving C. 
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destructor (Smallridge, 1992; Geddes and Smallridge, 1993; Geddes et al., 1993; 
Chavez and Mitchell, 1995) has a forage-based strategy of feed delivery been used. 
In only 2 of these studies (Smallridge, 1992; Geddes et al., 1993) was growth and 
yield on a forage-based diet (lucern hay) compared with that on a pelleted feed.  
 
For other freshwater crayfish, particularly the American red swamp crawfish (P. 
clarkii), considerable work has been conducted on the relative performance of 
animals cultured on various forage-types (e.g., Avault et al., 1983; Avault and 
Brunson, 1990, Huner et al., 1994). Although there is considerable variability in 
crayfish yields using the various forages and methods of cultivation, lower yields are 
generally obtained in systems where volunteer vegetation (whether terrestrial, semi-
aquatic or aquatic) is used as a forage, compared with the use of a high quality crop 
(Garces and Avault, 1985; De La Bretonne and Romaire, 1989; Avault and Brunson, 
1990).  
 
Presently most freshwater crayfish are cultured in extensive and semi-intensive 
production systems with a low dependence on artificial feeds (Huner et al., 1994). 
There is considerable interest in developing more intensive systems although the 
cost-effectiveness of such operations remains largely unknown. The crawfish 
industry serves well to illustrate this point. Crawfish have been shown in several 
studies to respond well to feeding with artificial diets, both in experimental 
situations (e.g., Smitherman et al., 1967; Clark et al., 1974; Huner et al., 1974; 
Huner and Meyers, 1979; McClain, et al., 1992a, 1992b) and in pond production 
environments (e.g., Cange et al., 1982; D’Abramo and Niquette, 1991; Eversole and 
Kempton, 1994). However, in a number of studies, artificial feeds have not 
substantially enhanced growth (e.g., McClain et al., 1992c; Whaley and Eversole, 
1992; Jarboe and Romaire, 1995). The lack of information regarding the economics 
and the best-practices associated with using artificial diets have precluded their 
widespread use within the crawfish industry (Brunson, 1989; De La Bretonne and 
Romaire, 1989; Romaire, 1989).  
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Economically the situation is no clearer with respect to the culture of C. destructor, 
despite the fact that a number of large feed companies actively promote the virtues 
of their “yabby diets”. Although several studies have been conducted on the 
economic feasibility of growing yabbies (Staniford et al., 1987; Staniford and 
Kuznecovs, 1988; Treadwell et al., 1991), the models were based largely on 
hypothetical information (Mills et al., 1994) and projected figures of growth and 
yield. Furthermore, they were based on semi-intensive systems that did not employ 
the use of detrital forage inputs and where manufactured diets formed a significant 
component of the operating costs. 
 
An economic comparison of systems which maximise the production and utilisation 
of natural pond biota, with intensive production systems that rely on large inputs of 
manufactured feeds, is yet to be performed. Although an economic comparison of 
this type was outside the scope of the present study, a comparative assessment of 
yabby growth and yield, using 3  supplementary feeding strategies, representing 
varying levels of management intensity was performed. 
 
A primary objective of this study was to develop a practical pelleted diet that could 
be used effectively in hatcheries and in pond production environments. So far, 
growth and feed utilisation have been evaluated in the controlled environment of a 
hatchery where the only nutrient inputs were from the test diets. However, in the 
natural habitat of the yabby and in commercial ponds, a wide array of feed-types 
may be present simultaneously. The interactions that occur between an applied feed 
and the indigenous food resource, may result in a considerable disparity between 
tank and pond-based results. Indeed, according to Tacon (1995), “meaningful 
conclusions from nutrient requirement and dietary feeding trials can only be made 
when the experimental animals are reared under conditions that mimic as far as 
possible those of the intended farm production unit and environment”. Therefore, in 
the present series of trials dietary assessment was based on the performance of 
animals grown in simulated production environments. The first 2 trials were 
conducted in pond microcosms and involved a comparison of the best pelleted diet 
developed so far (diet P30, refer to Table 5.1, for formulation details) with several 
forage-based systems. The final trial was conducted in ponds and employed a 
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pelleted diet that was manufactured in accordance with the specifications developed 
during the course of this study (from Chapters 3-7). 
 
A primary focus of the present work was to assess the effect of dry matter and 
protein inputs from a forage crop on yabby growth, yield and nutrient utilisation 
compared with a pelleted diet. Also under preliminary evaluation are 2 strategies for 
supplying forage crops to ponds (i.e. cultivated in the pond bottom or cultivated 
elsewhere and sequentially added). In the present study the perennial white clover, 
T. repens, was used as the forage crop. 
 
8.2 Materials and methods 
 
8.2.1 Pond microcosm trial I (PM:I) 
This trial was conducted from December 1992 - April 1993 (15 weeks). Four 
treatments each containing 4 replicate tanks were used in this trial. Two feed-types 
were evaluated, a 30% protein pelleted diet, P30 (which was identical to the 30% 
protein diet used in Aq:III and Aq:IV; refer to Table 5.1) and a diet consisting of T. 
repens (these feeds were also used in PM:II below). The clover was grown in the 
tanks for about 12 weeks prior to stocking and was also added as a supplement 
(from cut ariel portions of the plant) to some tanks during the course of the trial. The 
4 treatments evaluated were; sown-crop (C); pellet-supplement (P); a combination 
of pellet-supplement and sown-crop (C+P); and a treatment where the pellet 
supplement was finely ground and sifted to <80µm prior to feeding (GP). All the 
tanks were filled with water 9 days prior to stocking. Thirty juvenile C. destructor 
(intermediate-type resident Deakin stock) (mean weight 0.66g ±0.01), 5 weeks post-
liberation, were placed in each tank (density = 15 animals m-2). Growth was 
monitored every 2 weeks for the first 10 weeks and once thereafter at the completion 
of the trial (week 15). Animals were sampled using trap refuges as outlined in 
Chapter 2. It was assumed that this method of sampling did not select for any 
particular size class and this has been evaluated below. Animals were fed pellets 
(ground or whole) at 10% of their biomass per day for the first 10 days and 5% 
thereafter up to week 8. Beyond this period a 3% feeding rate was used. An initial 
growth period of 10 weeks was used after which the tanks were drained and all the 
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remaining yabbies were weighed. The tanks were then refilled and the animals were 
replaced for a further period of 5 weeks. During this latter growth period, treatments 
P and C+P were only fed with pellets, while a quantity of cut clover was added to 
the C and GP treatments. Four days after refilling the tanks with water, 
approximately 3kg of clover was placed in plastic mesh bags and floated in each of 
the C and GP tanks. Due to an overnight oxygen depletion in these tanks, the mesh 
bags were subsequently removed and approximately 70% of the tank water was 
immediately exchanged. Most of the yabbies in tank GP2 died as a result of very low 
early morning oxygen concentration (DO = 0.5mg l-1). This tank was subsequently 
removed from the remainder of the trial. Further additions of small quantities of 
clover (<200g wet weight) were made at regular intervals to prevent further oxygen 
problems. The original 3kg of clover was dispersed over the surface of each tank 
during a 3 week period.  
Dissolved oxygen and temperature in each tank were measured on 3 or more days a 
week and at random times during the day.  
The total organic carbon (TOC) content of the water in each tank was measured with 
a TOC meter (Astro Model 1850, Ecotech Pty. Ltd., Victoria, Australia) every 7 
days. The first measurements were taken 2 days after the tanks were filled with 
water.  
 
8.2.2 Pond microcosm trial II (PM:II) 
This trial was conducted from October 1993 - January 1994 (10 weeks). Initially 4 
treatments were to form the basis of this trial. Due to high animal mortality during 
week 5 in 2 of the tanks (as a result of DO problems caused by the addition of an 
excessive quantity of organic matter; 2340kg dry weight ha-1) the number of 
treatments was subsequently reduced to 3. The treatments were; sown-crop (C), 
pellet-supplement (P), and a mixture of sown-crop combined with crop-supplements 
(C+C). Four replicate tanks were used in the C and P treatments while 6 tanks were 
used for the C+C treatment. The trial was run for 10 weeks during which sampling 
of yabbies was carried out in accordance with the method described above. T. repens 
was grown in the crop-based tanks for about 8 weeks prior to inundation. Tanks 
were filled 3 days before being stocked with 30 juvenile yabbies (mean weight, 
1.07g ±0.01). Animals were fed pellets at 10% of their biomass per day for the first 
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4 weeks and 5% thereafter. Two weeks after stocking, small quantities of cut clover 
(fresh or sun dried) were added to each tank in the C+C treatment and this was 
continued until the middle of week 10. Fourteen such additions were made during 
the course of the trial.  
Dissolved oxygen and temperature in each tank were measured on 2 or more days a 
week and at random times during the day.  
 
8.2.3 Pond production trial (PP:I) 
8.2.3.1 Treatments 
This trial was conducted from January-May 1994 (100 days). Five earthen ponds 
were each stocked with C. destructor -type animals (mean weight ±se, 2.67g ± 0.06; 
range, 1.07-7.65g; stocking density, 15-20 m-2) that were obtained from Aquafarms 
Pty. Ltd., Moama, NSW. A staged flooding regime was used as recommended by 
Mitchell et al. (1995) whereby the complete trial was divided into 5 flood stages 
(F1-5) each with a duration of about 3 weeks.  
 
Three treatments were evaluated; a single control (Ct) to which no supplementary 
food was added; 2 replicates of a pellet-based treatment (P1, P2) where a 
manufactured diet was provided as a food source; and 2 replicates of a crop-based 
treatment (C1, C2) (abbreviations are based on the formula, TzFxWy, where Tz = 
treatment T, pond number z, Fx = flood number x, and Wy = week number y). 
Water level in each pond was raised every third week and the ponds were almost full 
to capacity after the final flood (F5). The timing of each flood was coordinated to 
coincide with specific physical and chemical conditions that prevailed in the ponds 
containing the forage crop. Determination of the appropriate inter-flood period and a 
detailed description of the physico-chemical environment of the ponds during the 
trial was the major focus of work being conducted simultaneously by another 
student; these aspects were not the focus of the present study and where this 
information is subsequently referred to due acknowledgment of its origin is given. 
 
 
 
8.2.3.2 Feeding  
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For the first 32 days, pellets were added to P1 and P2 3 times each day (at 0700-
0900 h, 1200-1400 h, and 2100-2400 h) and twice a day thereafter. The mid-day 
feed was discontinued as a result of low food consumption during this period. Food 
consumption was monitored immediately before each feeding period by visually 
inspecting 4 feed trays that were placed in each pond. Animals were initially fed at a 
rate of 4% of pond biomass per day (determined to be slightly in excess of the daily 
food consumption, FC, by similar sized animals according to the equation, FC = 
4.79W-0.43, which was derived from the pooled food intake data for yabbies 
previously fed a similar diet (in Aq:II, Chapter 5). The daily feed ration was initially 
distributed 25% in the morning, 25% at midday, and 50% at night. Feeding rates 
were adjusted in an attempt to ensure that a small quantity of pellets remained on the 
trays from the previous feed. Due to increased yabby activity and higher apparent 
consumption of food during the night, the night feeding rate was always the largest. 
The pellets used for this trial were manufactured in a commercial feed production 
plant (Barastoc Stockfeeds Pty. Ltd., Pakenham, Aust.). The formulation was based 
on the results of previous trials in this study. The first batch of pellets proved to be 
inappropriate and was only used for 3 weeks. A second batch that conformed more 
stringently to the required specifications was subsequently used. The proximate 
composition of the diets, their stability in water and the specifications that were 
supplied to the manufacturer are provided in Table 8.1. 
 
8.2.3.3 Sampling procedures 
Yabbies were sampled several days before each flood and at various other times 
during the course of the trial. Growth was determined by weighing (to 0.01g) a 
sample of animals (>100) caught using baited hoop-nets and trap-refuges (refer to 
Chapter 2). If the number of yabbies caught was insufficient a second day of 
sampling was conducted. On most occasions 1 day per pond was sufficient. Yabbies 
from the pellet ponds were fed approximately 1 h before any samples were taken.  
 
 
 
Clover surrounding the perimeter of C1 and C2 was sampled just prior to being 
inundated at each flood. Crop samples (25cm x 25cm) including root material were 
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cleaned to remove attached soil particles and analysed for dry matter (by weighing 
after drying for 48 h at 60°C) and for crude protein (Kjeldahl nitrogen x 6.25) (J. R. 
Chavez, unpublished data). 
 
DO and temperature were recorded in each pond using a CSIRO/ YEOKAL 606 
data logger that was placed in each pond for a 24 h period once every 5 days. For 
each pond, summary DO and temperature data for the 100 d culture period are 
presented, and are based on the entire data set (J. R. Chavez, unpublished data). 
 
At the completion of the trial (100 d) all ponds were drained and harvested. Total 
yabby numbers and biomass were determined. A subsample of about 300 animals 
from each pond was taken for individual weighing. Animals sacrificed during the 
first 4 floods were not included in the harvest survival and biomass data.  
 
8.3 Results 
 
8.3.1 Pond microcosm trial I & II 
8.3.1.1 Water quality 
Summary water quality data are provided in Table 8.2. DO and temperature were 
quite variable in both trials. The temperature ranged from 16-33°C in PM:I and from 
14.5 - 26°C in PM:II. Mean tank temperatures were 23°C ±0.5 in PM:I and 19.4°C 
±0.4 in PM:II. 
 
Mean DO was 9-10mg l-1 in PM:I and 7-8mg l-1 in PM:II. Levels up to 18mg l-1 and 
13mg l-1 were recorded in PM:I and PM:II respectively. Minimum DO was highly 
dependent on the treatment. In the tanks to which pellets were added (P and GP), the 
DO did not fall below 5.4mg l-1 and in the sown-crop treatment (C) DO was 
maintained above 3.7mg l-1. The addition of a clover-supplement however, resulted 
in DO levels that were substantially lower than these values. The supplementary 
addition of clover to treatment C and to treatment GP in PM:I and to treatment C+C 
in PM:II, resulted in considerable oxygen depletion on a number of occasions. 
Severe DO stress occurred in several tanks in treatment GP after the initial 70 d 
growth period and resulted in the death of almost all the animals in 1 tank. In PM:II, 
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nearly all the animals in 2 of the C+C tanks also died from hypoxia. DO levels of 
0.5-1.0mg l-1 resulted in the death of large numbers of yabbies whereas DO levels of 
about 2.0mg l-1 were tolerated providing they were present for only a brief period of 
time. 
 
Summary data for the total organic carbon content of the water (TOC) are provided 
in Table 8.3 and Figure 8.1. A slow but consistent increase in TOC occurred in the 
pellet treatments (P and GP) throughout the course of the trial. In the crop treatments 
(C and C+P), there was a rapid increase in TOC for about the first 23 days (fastest 
during week 1 and much higher than for pellets) after which a plateau was reached. 
Subsequently, TOC levels in treatment C remained relatively constant whereas in 
treatment C+P there was a slow but consistent increase. By the end of the trial 
similar TOC levels were recorded for treatment C and the pellet treatments whereas 
TOC in treatment C+P was higher. 
 
8.3.1.2 Pellet stability  
The diet used in both pond microcosm trials (diet P30) was identical to the one used 
in 2 previous trials conducted in the aquarium system (Aq:III, Chapter 5 and Aq:IV, 
Chapter 6). Pellet stability was evaluated using the previously described method 
(Chapter 2). Data are presented in Table 8.1 and Figure 8.2. Dry matter loss was 
most rapid during the first hour. Although the pellets lost 22% of their dry matter 
after 8 h submergence they were still reasonably hard and could still be handled by 
yabbies.   
 
8.3.1.3 Growth 
Summary data for growth, yield, and crop inputs are provided in Tables 8.4 - 8.6 and 
Figures 8.3 - 8.5. 
 
PM:I; Yabby growth was not significantly different (P>0.05) between treatments C, 
C+P and P for the first 28 days. Animals in treatment GP were the smallest (P<0.05) 
at day 28 but at the end of the trial treatment C contained the smallest animals. 
Yabbies fed intact pellets were significantly larger than animals in treatment C and 
GP. The pellet only treatment (P) and the pellet + crop treatment (C+P) were not 
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significantly different from one-another at any point in time. A similar growth 
response occurred for treatment C and GP to week 8, after which it was slightly 
better in treatment GP. The addition of a clover-supplement to treatment C and to 
treatment GP at day 70, resulted in a substantial improvement in growth compared 
with the previous 2 week period (Figure 8.3).  
 
PM:II; Similar to PM:II, no significant difference in growth was apparent between 
treatments for the first 4 weeks. Subsequently, the pellet fed animals (P) were 
significantly larger than animals in the other treatments. The sequential addition of 
clover (C+C) resulted in a significant increase in yabby growth compared with the 
sown-crop treatment (C) (Figure 8.4). 
 
Yabby growth was slowest in both trials in the treatment where sown-clover (C) was 
the only added source of food. In this treatment, growth was most rapid during the 
first 4 weeks, where weight increases of 311% and 222% were recorded in PM:I and 
PM:II respectively. Little growth occurred in treatment C after day 28. Only a 42% 
(in PM:I) and a 46% (in PM:II) increase in mean yabby weight occurred between 
day 28 and day 70 in treatment C.  
A comparison of the growth curves for PM:I and PM:II (Figure 8.5) illustrates that a 
similar growth response was obtained for treatment C and for treatment P in both 
trials. 
Growth in the treatments where a pelleted diet was added in a ground or a whole 
form (C+P, GP, & P), was significantly faster than in the sown-crop treatment (C).  
Crayfish fed the pelleted diet in PM:I grew the most rapidly and the SGR at day 70 
was 13% greater than the equivalent treatment in PM:II. Mean water temperature 
was 3.6°C higher in PM:I compared with PM:II and may be partly responsible for 
the higher growth rate recorded in PM:I. 
A sampling bias did not appear to occur for the pond microcosm trials. In PM:I, no 
significant difference in weight occurred between the immediate post-harvest 
sample and the final harvest population for any tank. 
 
8.3.2 Ponds  
8.3.2.1 Water quality 
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Summary pond water quality data are presented in Table 8.7. Pond water 
temperature ranged from 15.1-26.5°C during the course of the trial. Mean pond 
temperatures varied from 18.7-21.1°C and overall were about the same as the mean 
temperatures recorded in PM:II, but were approximately 3.5°C lower than the mean 
water temperatures recorded in PM:I. 
 
Mean DO levels were >6mg l-1 in all ponds and were from 1.0-2.6mg l-1 lower in the 
crop-based ponds compared with the others. Minimum DO was dependent on the 
treatment. The lowest DO levels occurred in treatment C, where values as low as 
0.9mg l-1 and 1.6mg l-1 were recorded for C1F2 and C2F2 respectively. In the 3 other 
ponds the minimum DO level recorded was 4.4mg l-1 (CtF2), 3.5mg l-1 (P1F3) and 
2.1mg l-1 (P2F1).  
 
8.3.2.2 Pellet stability  
The crude protein content of the first batch of manufactured pellets was 37.6%, 
which exceeded the recommended level of 30%. Furthermore, the structural 
integrity of the feed was very poor. Many of the pellets disintegrated and were 
excessively soft within 1 h of entering the water. Consequently their dry matter 
retention was quite low (Table 8.1 and Figure 8.2), with a loss of 15.3% occurring in 
the first hour and only 81.5% remaining after 8 h. The second batch was closer to 
the required specifications and did not readily disintegrate when immersed in water 
although the DMR properties were not particularly good with a loss of 11.6% 
occurring during the first hour in water and 83.5% remaining after 8 h. 
 
8.3.2.3 Growth 
Animals were stocked into ponds at a density of 19.7 m-2 (Ct), 14.7 m-2 (C1), 16.1 m-
2 (C2), 15.3 m-2 (P1) and 18.9 m-2 (P2). Based on total harvest numbers the final 
densities were 6.0 m-2 (Ct), 5.3 m-2 (C1), 5.1 m-2 (C2), 4.7 m-2 (P1) and 6.0 m-2 (P2).  
 
 
Summary data for the dry matter and protein inputs from T. repens into the 2 ponds 
are provided in Table 8.8. The dry matter and protein input from the clover was 
greatest for flood 1 in C1 and for flood 2 in C2. Total crop dry matter and protein 
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inputs (as kg ha-1) were quite similar for the 2 ponds (dry matter: C1, 5386kg ha-1; 
C2, 5278kg ha-1, protein: C1, 859kg ha-1; C2, 824kg ha-1. During the course of the 
trial the protein content of the clover growing in the immediate preflood area of the 
pond decreased from about 21% (F1) to as low as 12.4% (C2F3) and is consistent 
with the maturation process of T. repens (J. R. Chavez, pers. comm.). 
 
Mean weights and sample sizes of animals are provided in Table 8.9 and growth 
curves in Figure 8.6. The mean weights recorded for each flood were based on 100 
(P1F4W3) to 383 (CtF2W3) trapped animals. Mean weights at the completion of the 
trial were determined from a subsample of approximately 300 animals and also on 
the basis of the harvest biomass and number. 
 
A one-way ANOVA on log10 transformed weight data indicated that the mean 
weights for the 2 crop ponds were significantly different at floods 1, 2, and 5, 
although the overall growth response for the 2 ponds was quite similar For the 2 
pellet ponds, a significant difference in mean weight occurred for floods 2, 3 and 4, 
but this was not the case for flood 1 and flood 5. Crayfish in the control pond were 
significantly smaller than crayfish in all other ponds for the entire trial. A decrease 
in mean yabby weight occurred in all ponds from flood 4 to flood 5. A statistically 
significant sampling bias in favour of larger animals was the result of the trapping 
procedure used for the first 4 floods and consequently the growth curves are 
probably positively skewed. The sampling bias was particularly strong in P1 (refer 
to Figure 8.6). At harvest, subsampling resulted in lower mean weights than those 
based on the complete harvest data (Table 8.9). 
 
Summary harvest data for growth, survival, yield and feed input are provided in 
Table 8.10. Highest survival was obtained in the control pond (57%). No significant 
difference in yabby survival occurred between the crop (51.8%) and the pellet 
(52.7%) treatments. ANOVA of the harvest weight data indicated that significant 
differences occurred for all pond comparisons except the 2 pellet-based ponds. The 
mean weight in the crop and the pellet treatments was 72% and 186% greater than in 
the control pond respectively. The pellet fed animals were 67% heavier than those in 
the crop treatment after 100 days growth. In the crop ponds, the highest survival and 
 191
yield, but the smallest mean yabby weight was recorded for the pond (C1) into 
which the highest overall quantity of clover was added. Mean harvest yields were 
440, 635, and 1116kg ha-1 for the control, crop and pellet treatments respectively. 
The biggest animals were found in the pellet ponds, where about 2% of the harvest 
sample weighed >50g. The largest yabby at harvest in treatment C weighed 35g and 
only 1.8% of the population were >25g. All the harvest population in the control 
pond were <24g (Table 8.10 and Figure 8.7). However, during sampling in F5, 2 
yabbies weighing 28.7g and 31.6g were trapped from the control, and 6 animals 
from 35-53g were obtained from pond C1. 
 
Numerous yabby burrows were located near the waters edge and a considerable 
number were present just above the water mark. New burrows were constructed 
soon after a new area of ground was flooded. At harvest, a large number of burrows 
(from 200-300) were observed in each pond and upon excavation many were found 
to be inhabited with 1 or more yabbies. 
 
Predation was an ongoing problem during the trial despite the fact that all the ponds 
were covered with mesh netting. The size of the netting (9cm x 9cm) was large 
enough to allow entry by smaller predatory birds. Juvenile bitterns (Ixobrychus 
flavicollis) and white-faced herons (Ardea novaehollandiae) were found inside the 
enclosures at night on several occasions. Footprints, droppings and the remains of 
yabbies were also frequently found at the waters edge. The remains of about 150 and 
125 yabbies were found around the perimeter of P1 and P2 respectively. 
Burrowing and predation would have resulted in a reduction of the potential harvest 
biomass and it is assumed that yields are underestimated by a similar amount in each 
pond. 
 
 
 
A comparison of the temperature regimes, growth rates, yield and apparent feed 
utilisation by yabbies for several trials is provided in Table 8.11 and Figure 8.5 and 
Figure 8.8. The same diet was used in Aq:III, Aq:IV, PM:I and PM:II (diet P30; refer 
to Table 5.1). The SGR for treatment A30 and D30 in Aq:III (Chapter 5) and P30 in 
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Aq:IV (Chapter 6) was lower than the SGR for the pellet (P) treatments of PM:I and 
PM:II, even after correcting for differences in the growth period. The highest SGR 
was recorded in PM:I. After 70 days, the SGR for A30 and D30 were 2.91 and 2.63 
respectively, which is approximately 20-30% lower than the SGRs recorded in PM:I 
and PM:II. Also, the FCRs were lower and the APERs were higher for yabbies 
grown in Aq:III in comparison to the values recorded in both pond microcosm trials. 
SGRs were lower in all trials when clover was the only source of added food and the 
lowest value of 1.43 was recorded for treatment C in PP:I.  
 
For the pellet fed yabbies, a lower overall performance occurred for pond-reared 
animals compared with animals fed in tanks (in Aq:III and Aq:IV). The SGR was 
lower (except in comparison to D30), FCR was higher, and APER was lower for the 
pond-reared animals. 
 
In all trials, yabby growth and apparent feed utilisation was best when pellets were 
provided as food. High apparent FCRs and low APERs were the result of feeding 
clover to yabbies, irrespective of whether it was present only at the beginning of the 
trial, or was sequentially added at various stages. The highest apparent FCR (14.6) 
and lowest APER (0.44) was recorded for the crop ponds in PP:I. 
 
Production levels were similar in the pellet (P) treatments and were 1140, 1252, and 
1117kg ha-1 for trials PM:I, PM:II, and PP:I respectively. Apparent food utilisation 
was also similar for the pellet treatment in PM:I and PP:I. FCRs were 1.41 and 1.50 
and APERs were 2.36 and 2.25 for PM:I and PP:I respectively. Overfeeding in the 
pellet treatment of PM:II was indicated by the presence of uneaten food on 
numerous occasions and subsequently resulted in higher FCRs and lower APERs 
than those recorded in the other 2 trials. No significant difference in growth and 
yield occurred between treatments C+P and P of PM:I, however apparent feed 
utilisation efficiency was better in the pellet-only treatment. The highest yield was 
obtained in PM:I (after 15 weeks growth) (Table 8.5) for pellet treatments (yield: 
C+P, 1920kg ha-1; P, 1905kg ha-1). 
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Total feed inputs (dry matter and crude protein) were higher when clover was 
supplied to the tanks and ponds compared with the addition of pellets, except in 
treatment C of PM:II where poor clover growth prior to stocking resulted in a low 
initial input.  
 
The relationship between total feed input (g m-2, dry matter and protein) and yield 
was determined for the pellets and for the forage crop (using pooled tank and pond 
data) and are provided in Figures 8.9a and 8.9b. For both feed-types, yields 
increased as the dry matter and protein input increased. However, excluding the 
ground pellet treatment (GP) used in PM:I from the analysis (refer to Figure 8.9b), 
removed the positive relationship between the pellet input level and yield. This 
suggests that the (intact) pellet feeding rates used in this study did not limit harvest 
yields. 
 
8.4 Discussion 
 
8.4.1 Growth and yield 
The results of this study clearly indicate that the growth response of yabbies fed 
pelleted diets is superior to the growth of animals fed forages based on T. repens. 
Although the full production potential was not achieved in the forage-based trials of 
the present study, the supplementary addition of a forage crop did result in a 
substantial improvement in yabby growth, but very high inputs of organic matter are 
required in order to achieve production levels similar to those obtained using pellets.  
 
In the control pond (Ct) of the present study, the only available food originated from 
natural production. Management inputs were minimal. Despite the lack of 
supplementary food, the yabbies in this treatment grew continuously throughout the 
trial and a moderate yield was recorded (440kg ha-1). Production figures for 
similarly managed ponds (i.e. no feed inputs and the use of a multiple flooding 
strategy) are not available. However, standing crop estimates for extensive farm 
dams have been reported to be in the region of 274kg ha-1 (Woodland, 1967), 332kg 
ha-1 (Reynolds, 1980) and 180-270kg ha-1 (Lake and Sokol, 1986). Mills and 
McCloud (1983) also recorded a yield of 314kg ha-1 for yabbies that were cultured in 
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plastic pools containing a mud substrate and no added food. Furthermore, Morrissy 
et al., (1990) reported that farm dams can support a biomass of 300-400kg ha-1 
relying solely on natural feed. The maximum production level attainable from 
extensive ponds, to which no feed supplements are added and in which little 
volunteer vegetation is present, appears to be in the region of 400kg ha-1.  
 
In the present study, the supplementary addition of a forage crop, either manually or 
via a staged flooding strategy, produced yields of approximately 635kg ha-1 (in 
ponds) to about 1086kg ha-1 (in tanks). Geddes and Smallridge (1993) obtained 
similar yields in earthen ponds (406-689kg ha-1) using a low protein (10%) forage 
crop of Balansa clover and believe that annual yields of 600kg ha-1 are achievable 
from extensive commercial operations that employ a forage crop as the only feeding 
strategy. 
 
In this study, yabbies stocked into ponds at 15-20 m-2 with a mean weight of 2.67g 
and fed a pelleted diet (of about 30% crude protein) for 100 days, resulted in a yield 
of about 1117kg ha-1. Yields as high as 1920kg ha-1 were recorded for animals 
(mean weight, 0.66 g) stocked at 15 m-2 into large earthen-based tanks and fed 
pellets. For C. quadricarinatus, yields as high as 1419-1925kg ha-1 have been 
reported for semi-intensively managed ponds (Jones, 1989; Curtis and Jones, 1995), 
while for C. tenuimanus yields from 600-2991kg ha-1 have been obtained (Morrissy, 
1979, 1992; Morrissy et al., 1990). The highest yields reported for marron 
correspond to growout periods ≥ 2 years. Reported yields for P. clarkii are quite 
varied and depend on the type of food used and on the pond management strategy 
employed. Most extensive commercial operations produce from 400-600kg ha-1 
(Huner and Romaire, 1990; Huner, 1991), whereas yields above 2000kg ha-1 have 
been obtained in well managed ponds (Brunson and Griffin, 1988; De La Bretonne 
and Romaire, 1989; Avault and Brunson, 1990; Huner et al., 1994). Based on the 
production figures obtained for similar freshwater crayfish, there appears to be 
considerable scope for increasing the present production level of C. destructor. 
Indeed, yields as high as 4000kg ha-1 yr-1 have been reported (O’Sullivan, 1992).  
While reasonable yields were obtained in the present study by feeding with a 
manufactured diet, it must be stressed that only 2% of the population at harvest were 
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above a marketable size of 50g. Cull-trapping the large individuals would reduce the 
effect of density on growth and survival that is typically observed in communally 
held C. destructor (Mills and McCloud, 1983; Mitchell and Collins, 1989; Geddes et 
al., 1993). Furthermore, this may also reduce the behaviourally and chemically 
mediated interactions that in other species are believed to be responsible for 
suppressing the growth of smaller individuals (e.g., Cobb et al., 1982; Nelson and 
Hedgecock, 1983; Karplus et al., 1986, 1992a, 1992b). The continued growth of the 
remaining individuals, followed by more trap harvests, may produce a sizeable 
increase in the saleable yields recorded in this study. Geddes and Smallridge (1993) 
estimated that as many as 30% of the yabbies in their study avoided harvest by 
burrowing and, in common with the present study, this behaviour probably resulted 
in a substantial underestimation of the yield. 
 
8.4.2 Feed input 
The addition of feed supplements to aquaculture ponds is commonly used to 
increase growth and harvest yields (Hepher, 1988; Lovell, 1989) and it is essential to 
consider the protein and dry matter input levels from feeds in order to maximise 
production and minimise waste. 
 
In the present study, feeding yabbies in ponds with a 30% protein pelleted diet at a 
rate of about 129g m-2 (dry matter) and 38g m-2 (protein) over a 100 day culture 
period resulted in acceptable growth rates and good feed utilisation indices. Forage  
crop supplements are less efficiently utilised and result in considerable waste of the 
dry matter and protein components, with only a small fraction being diverted into 
yabby production. Nevertheless, a total forage input of about 533g m-2 to 680g m-2 
(as dry matter) or 84g m-2 to 177g m-2 (as protein) over a 70-100 day period appears 
to be sufficient to maintain reasonable growth rates of animals grown in ponds and 
tanks respectively. Furthermore, based on the 2 microcosm trials of the present 
study, low inputs of dry matter (from 113-296g m-2) and protein (from 24-54g m-2) 
from clover appear to be sufficient to maintain high growth rates of juveniles for 
approximately 28 days. In ponds, a very low level of 21g m-2 (dry matter) and 4.3g 
m-2 (protein) appears to be sufficient for approximately 3 weeks. Geddes and 
Smallridge (1993) provided 120-220g m-2 (dry matter) from Balanse clover to yabby 
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production ponds over a 10 month period, and consider this to be a low level of 
organic matter which probably limited growth. Indeed, target forage production of 
500-1000g m-2 (as dry matter) has been suggested for the culture of P clarkii (Huner 
et al., 1994), although levels in the range of 200-700g m-2 are more commonly 
employed (Avault et al., 1983; Garces and Avault, 1985; Brunson and Griffin, 
1988). In the present study, the moderate to low forage input levels may have 
restricted overall growth to some extent. Indeed, a strong positive relationship 
existed between the forage input level and yield (Figure 8.9a). 
 
Under the prevailing environmental conditions of this study, forage depletion 
appeared to occur beyond week 3-4 and was probably a major growth limiting 
factor. Subsequent feeding (using a forage crop and/or a pelleted diet) is necessary 
for yabbies to realise their growth potential. The 3 week interflood period in the 
pond trial was timed to prevent nutrients from becoming limited in this way (J. R. 
Chavez, pers. comm.). The sequential addition of a crop-supplement (either 
manually or via a staged flooding regime) is an effective way of ensuring that 
sufficient food is always available and that pond water quality is not compromised. 
 
In the present study, the maximum biomass of dry matter and protein recorded for T. 
repens (which included root material; for C2F5) was very high at 1854g m-2 and 
273g m-2 respectively. The maximum crude protein content was about 21% at flood 
1, whereas levels as high as 28.8% were obtained from field grown clover that was 
used as a food supplement in PM:II. The detritus protein levels ranged from 12-18% 
(on an ash-free basis) in the crop-based ponds (J. R. Chavez, pers. comm.). Detritus 
obtained from tanks into which clover had been added successively over a period of 
time, contained ash-free protein levels as high as 33% (refer to section 9.2.3 for 
details). It appears that the rapid decomposition of T. repens can result in a high 
nutrient value detrital-forage in less than 4 weeks. However, reduced yabby growth 
rates after this period indicates a subsequent depletion of the detritus-based feed 
resource and to maintain high growth rates, supplementary feeding is required 
(Mitchell et al., 1995). In a similar fashion, McClain et al., (1992b) found that the 
early decomposition stages of rice and hay (<6 weeks submergence) generated 
higher growth rates in P. clarkii than the later stages of decomposition. Wiernicki 
 197
(1984) also found that the assimilation efficiency of 4 size classes of P. clarkii fed 
elodea (Egera densa) increased when the plant had been decomposed for several 
weeks. It is well recognised that detrital quality is a function of age and degree of 
microbial enrichment (Pomeroy, 1980; Rubright and Harrell, 1981; Bowen, 1987). 
During decomposition a critical point is reached where the nutritive value of the 
detritus is high. Subsequent degradation results in reduced nutrient availability, 
primarily due to the production of refractive compounds that are resistant to 
digestion (Bowen, 1987). Consequently, organic matter usually accumulates in static 
sediments. To boost the available food resource and enhance productivity in 
detritus-based production systems that have become nutrient deficient, some form of 
organic and/or inorganic supplement is required. Based on the results of the present 
study, clover supplements are effective but the addition of a pelleted feed results in a 
more favourable growth response.  
 
Feeding with pellets resulted in faster growth and higher yields than for situations 
where no supplementary food was added, or where a crop-supplement was provided 
either sequentially or once at the beginning of the production period. The forage 
input required to achieve growth rates similar to those obtained with pellets is 
unknown, but based on the results of PM:II, appears to be in excess of 680g m-2 (dry 
matter) or 177g m-2 (as protein). Subsequent studies should further examine the 
relationship between forage input levels (of protein and dry matter) and yabby 
production in an attempt to produce growth rates similar to those obtained using 
high quality pelleted feeds. 
 
Based on the results from the ground pellet treatment in PM:I, it appears that most 
of the increase in growth from feeding with pellets is a consequence of their direct 
consumption rather, than from a fertiliser effect on the system. Nevertheless, the 
animals fed the pulverised pellets still grew reasonably well and after a 10 week 
period, were 48% of the mean weight of animals that were fed intact pellets. The 
feed utilisation indices (i.e. FCR, APER) were also reasonably good. Furthermore, 
unfed animals in PP:I were 35% of the mean weight of animals that were provided 
with pellets after 100 days culture. A similar effect on growth by feeding a finely 
ground diet to M. rosenbergii in vinyl-lined pools, was recorded by Fair and Fortner 
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(1981). They found that a pulverised “non-available formula feed” reduced growth 
by only 46% compared with an intact pellet. In PM:I, the organic carbon content of 
the water in tanks to which the ground pellets were added, was only marginally 
higher than the levels recorded for the intact-pellet treatment during the entire trial. 
The finely ground pellets were relatively insoluble and probably enriched the soil 
substrate. It is proposed that the yabby can effectively utilise this “relatively 
unavailable” feed resource and that the bulk ingestion and processing of sediment-
based organic matter is integral to this capacity (see section 9.4.2 for further 
discussion). 
 
It was interesting to note in PM:I, that sowing a forage crop into tanks to which a 
pelleted diet was also provided, did not stimulate yabby growth compared with 
animals that were only fed the pelleted diet. Furthermore, during the first 28 days in 
both pond microcosm studies, yabbies that were provided with a pelleted diet did 
not grow any faster than animals that were provided with a forage crop. Also during 
F1 of the pond study, the dry matter and protein additions to C1 were 321% and 
337% greater respectively, than the inputs into C2 and yet growth in the latter pond 
was significantly faster than in all other ponds for this flood. Although acclimation 
to feeding on a pelleted diet may take some time, there was no indication that feed 
rejection was a problem during the initial phase of any trial. 
 
It appears that the availability of nutrients in the crop-based systems of the present 
study is sufficient to satisfy the growth requirements of juvenile yabbies (from 0.6-
3.0g) for about 3-4 weeks. Beyond this period, some degree of nutrient limitation 
becomes apparent. This appears to be related to the quantity and quality of the 
nutrients supplied to the system. In the pond study, a high level of organic matter 
(and nitrogen) was present in the sediment prior to the first flood (J. R. Chavez, pers. 
comm.) and together with the initial addition of clover, more nutrients for growth 
may have been available in comparison to subsequent floods. The faster growth of 
yabbies in C2, despite a substantially lower initial crop input compared with C1, may 
also be the result of an endogenous (soil) nutrient reserve. The tank-based studies 
can be used to illustrate this point further. The supplementary addition of clover in 
PM:II (C+C), effectively added about 28% more dry matter and 110% more protein 
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to the system (on a g m-2 basis) than was provided to the forage-based ponds (C1 and 
C2) in PP:I. The sequential addition of clover in PM:II only resulted in a 7% 
reduction in SGR compared with animals fed entirely on pellets, whereas in PP:I a 
27% reduction was recorded. Smallridge (1992) recorded a 9% reduction in growth 
of C. destructor fed lucern hay in comparison to a 25% protein commercial “yabby” 
diet. Contrary to these results, Geddes et al., (1993) recorded a 22% increase in 
growth using lucern hay in comparison to growth on a 25% protein pelleted diet 
(although the pellet additions were only conducted twice a week). Forage crops 
appear to be a valuable source of nutrition to pond-reared animals and it is proposed 
that in the crop-based ponds of the present study, better overall growth may have 
occurred if more organic matter and more crop protein were supplied to the system 
without deleteriously affecting water quality. Indeed, Bowen (1987) states, “that 
protein-rich plants make protein-rich detritus”, and Pomeroy (1980) found the 
nitrogen level in decomposed aquatic and terrestrial macrophytes to be directly 
related to the nitrogen level of intact plants. The decomposition of plant matter 
results in the production of a more nutritious food (Anderson, 1987) and the degree 
and type of microbial colonisation largely determines its nutritional value (Goddard, 
1988; McClain et al., 1992b). 
 
This study has shown that compared with plant-based forages, pelleted feeds result 
in increased growth and yield of C. destructor cultured in semi-intensive 
environments. However, during the early weeks of the production cycle there 
appears to be no advantage by providing a pelleted diet to animals grown in well 
managed forage-based systems. 
 
 
 
 
 
 
 
 
8.4.3 Feed utilisation 
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An identical 30% protein diet (P30) was used in Aq:III, Aq:IV, PM:I, and PM:II. 
Acceptable growth rates, high moult increments and excellent feed utilisation 
indices (particularly for C. albidus) were obtained when this diet was fed to animals 
grown in bare-bottom tanks that received clear recirculated water (in Aq:III and 
Aq:IV). The SGR was about 15% higher when diet P30 was fed to animals cultured 
in static conditions on an earthen substrate (in PM:I and PM:II), however, the diet 
was not utilised as efficiently in these culture conditions. Although spatial and 
temporal differences make accurate comparisons between trials difficult, it appears 
that naturally produced food in the pond microcosms contributed to a significant 
component of yabby growth. Indeed, McClain et al. (1992a) estimated that the soil 
substrate provided about 10% of the nutrition of P. clarkii using microcosms 
containing a decomposed forage crop and a prepared diet. Earthen substrates also 
play an important role in the growth of other commercially important decapod 
crustaceans (e.g., Allan and Maguire, 1995). It has been demonstrated that 
suspended organic matter can also enhance the growth of some species irrespective 
of the presence of a soil substrate (e.g., P. vannamei, Leber and Pruder, 1988; Moss 
et al., 1992; Moss, 1995). According to Moss et al. (1992), autochthonously 
produced solids of particle size >0.5 µm and consisting mainly of microalgae and 
microbial-detrital aggregates, are responsible for the growth enhancing effect of 
shrimp pond water. In the present study, the growth of yabbies in forage-based 
systems also appears to be related to the quantity of organic matter in the water 
column. In the treatments that contained clover in PM:I, a consistent increase in total 
organic carbon (TOC) occurred for the first 3-4 weeks and corresponded to high 
yabby growth rates irrespective of the presence or absence of a pelleted diet (Figure 
8.1). Maximum TOC levels were reached in the crop-only treatment (C) about 1-2 
weeks before growth rates plateaued. Furthermore, in the presence of a forage crop, 
the growth enhancement noted by adding a pelleted diet appeared to correspond to 
the point where TOC levels diverged. Although the total organic carbon content of 
the water appears to be related to yabby growth, it is important to point out that high 
TOC levels in the crop-only treatment did not correspond to consistently high 
growth rates. Furthermore, a wide disparity in TOC levels occurred between the 
pellet-only treatment and the pellet+crop treatment. Subsequent pond-based studies 
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should further examine the relationship between pond water productivity and yabby 
growth. 
 
Based on the results of the present study, pelleted diets appear to be utilised more 
efficiently than forage crops. The best feed indices were obtained when pellets were 
the only source of nutrition (i.e. in Aq:III). In the presence of other nutrients (e.g., 
from soil and detritus), pelleted diets become far less efficient. In the pond and pond 
microcosm studies, it appears that a considerable quantity of the dry matter and 
protein content of the added food is either utilised inefficiently by the yabby or is 
directed into other production pathways. Very high apparent FCRs and low APERs 
were recorded for all situations where a forage crop formed the main feed input. 
This was particularly the case in the pond trial (FCR = 14.6, APER = 0.44). From a 
comparison of the feed utilisation indices, and the relative growth and production 
figures of the crop-based treatments in the pond and pond microcosm studies, it 
seems that better feed utilisation could have been obtained in the pond study. The 
potential of the yabby to exploit the nutrient reserves of T. repens appears to have 
been poorly expressed in the pond environment.  
 
Although differences in growing conditions between trials (e.g., mean water 
temperatures) make accurate comparisons difficult, it is likely that by modifying 
certain management practices in the forage-based ponds, improved feed utilisation 
may occur. The method of delivering the clover-forage is one point which deserves 
further consideration. The staged-flooding regime effectively concentrates the 
detrital food reserve to a shallow perimeter of the pond. This may have effectively 
increased the yabby density in an active feeding zone and thereby caused 
competitive exclusion of smaller animals and other behaviour mediated effects. 
According to Bovbjerg (1956) crayfish attempt to avoid one another during 
foraging, but when they do meet it is an aggressive encounter. High numbers of such 
encounters associated with feeding may have diverted energy away from growth 
(Chien and Avault, 1983). Furthermore, the potential foraging time in the most 
nutritious area, may have been reduced by localising the food near the pond 
margins. Indeed, the yabbies clearly preferred the deeper areas of the ponds during 
the day and only ventured to the pond edge at night. It is plausible that spreading the 
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forage crop (as cut clover) throughout the pond may reduce some of these potential 
effects. Furthermore, the addition of small quantities of organic matter at regular 
intervals (as in treatment C+C of PM:II), may have resulted in less feed wastage and 
better feed utilisation. Further studies are necessary on the feeding behaviour of 
yabbies, so that the most effective nutrient delivery practices can be adopted. 
 
The results of this study clearly indicate that forage crops have considerable 
potential for the semi-intensive pond culture of C. destructor. However, despite the 
progress made, the ideal forage input levels remain to be determined. Future studies 
should attempt to optimise the quantity and quality of forage-based organic matter 
provided to ponds during the course of a production cycle.  
 
The pelleted diet developed during this study resulted in acceptable growth rates, 
good feed utilisation indices and reasonable yields for pond-reared animals. 
However, it appears to be of little value during the early weeks of the production 
cycle, and in well managed crop-based systems, the use of pelleted feeds may be 
restricted to situations where the forage-based nutrient reserves have been depleted 
or are unable to support high growth rates. Substantial cost savings may be made by 
employing a forage-based feed delivery strategy (using low management intensity) 
in preference to the use of manufactured diets.  
 
In order to maximise the utilisation of forage-based nutrients and thereby minimise 
feed wastage, the input level of organic matter (both dry matter and protein) must be 
coordinated with the growth requirements and assimilative capacity of the yabby. It 
is inefficient to add more nutrients to the system than can be diverted effectively 
into growth. Furthermore, the excessive addition of organic matter to aquaculture 
ponds will have a deleterious affect on water quality. Farm managers must be aware 
of the physico-chemical and nutritional implications of using organic matter as a 
stimulant to natural productivity pathways. Adding quantities that are appropriate to 
the prevailing environmental conditions (i.e. temperature, pH, DO) and to the 
assimilative capacity of the species in question are essential to ensure efficiency in 
any commercial operation. 
8.5 Conclusion 
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1. Growth on compounded pelleted diets containing approximately 30% protein 
exceeds that achievable on a forage crop of T. repens. However, the sequential 
addition of clover (either manually or via a staged flooding regime) can stimulate 
growth to levels approaching those achieved on pellets. 
2. In earthen based production environments, the provision of high quality pelleted 
diets is a more efficient feed delivery practice than plant-based forages. A larger 
proportion of the dry matter and protein of pellets, appears to be channelled into 
yabby production compared with forages and effectively results in less wastage 
of valuable feed components. Nevertheless, compared with situations where 
pelleted diets are the only source of nutrients (i.e. in bare bottom tanks), some 
degree of pellet wastage appears to be inevitable in pond environments. 
3. Base-line yields for extensive yabby production systems are approximately 400kg 
ha-1. Higher levels of management intensity involving the addition of a forage 
crop to ponds can result in yields of approximately 635kg ha-1, whereas the 
addition of a pelleted diet can produce yields in excess of 1000kg ha-1. 
Table 8.1 
Proximate composition and water stability of the pelleted diet used in trials PM:I and 
PM:II (diet P30) and of the 2 batches of commercial pellets1 (B1, B2) used in trial 
PP:I. 
____________________________________________________________________    
Diet        Prox. composition      DMR3                    
 (%dry weight)  1 2 4  8 
____________________________________________________________________ 
P302 Moist   7.63 86.78 81.98 79.45 78.07 
 Protein 30.02     
 Lipid   3.76     
 Ash   7.27     
 Fibre   4.13     
 Energy(kJ g-1) 19.12     
____________________________________________________________________ 
B1 Moist   9.44 84.74 83.27 81.82 81.48 
 Protein 37.55 
 Lipid   6.20 
 Ash 10.89 
 Fibre   4.10 
 Energy(kJ g-1) 18.17 
____________________________________________________________________ 
B2 Moist   6.91 88.42 85.52 84.63 83.45 
 Protein 27.81 
 Lipid   5.04 
 Ash   7.05 
 Fibre   3.87 
 Energy(kJ g-1) 18.22 
____________________________________________________________________ 
1: Specifications supplied to the producer: 
    Proximate composition- protein, 30%; lipid, 5%; ash, <8%; fibre, <5%; 
                                            moisture, <10%; energy 18-20 kJ/g  
    Ingredients (% dry weight)- fishmeal, 10%; crustacean meal, 4%; 
                                                 soybean meal; 24%; meat meal, 5%; 
                                                 wheat flour, 34%; wheat bran, 15%;  
                                                 approx. 3% fish oil/corn oil (50:50)     
    Water stability- DMR (1 h) >90% 
    Pellet size- 2-3 mm diameter x 5-10 mm long 
2: See Table 5.1 for formulation details 
3: Dry matter retention (DMR %) in flowing water (300ml min-1) 
  
 
Table 8.2 
Dissolved oxygen and temperature readings for PM:I and PM:II. 
___________________________________________________________________________ 
Trial Treat. Tank DO (mg l-1)           Temp. (°C)   
   Min Max Mean  Min Max Mean 
___________________________________________________________________________ 
PM:I C  1 4.3 15.6 10.5  16.5 30.5 22.5  
  2 6.0 13.6   9.9  17.0 31.0 23.5  
  3 5.4 13.8   9.8  17.5 29.5 23.0  
                 4 5.4 11.2   9.0  16.0 30.0 23.0   
 ________________________________________________________________ 
 mean  5.3 13.6   9.8  16.8 30.3 23.0 
 ________________________________________________________________  
 C+P 1 5.9 10.3   8.3  17.0 33.0 23.5  
  2 5.5 18.0 10.9  17.0 30.5 23.5  
  3 5.6 13.7   9.7  17.0 32.0 23.0   
  4 5.6 14.8 10.2  17.5 31.5 23.5   
 ________________________________________________________________  
 mean  5.7 14.2   9.8  17.1 31.8 23.4 
 ________________________________________________________________  
 GP 1 7.5 12.0   9.7  16.5 30.5 22.5  
  2 8.1 12.2 10.1  17.0 30.0 22.5  
  3 7.6 12.7   9.8  17.0 29.5 22.5  
  4 7.4 12.6   9.8  18.0 31.0 22.5  
 ________________________________________________________________  
 mean  7.7 12.4   9.9  17.1 30.3 22.5 
 ________________________________________________________________  
 P 1 7.7 10.4   8.5  17.0 31.0 23.0  
  2 7.5 10.6   9.2  17.5 30.5 23.0  
  3 7.1 12.8   9.5  18.0 29.5 22.5  
  4 7.3 11.0   9.0  18.0 31.5 23.0  
 ________________________________________________________________  
 mean  7.4 11.2   9.1  17.6 30.6 22.9 
_________________________________________________________________________  
PM:II C 1 7.7 10.4   8.7  14.5 24.5 18.5 
  2 3.8 13.2   7.4  15.0 25.0 19.5 
  3 3.7 10.2   8.4  15.0 24.0 19.0 
  4 5.9 11.2   8.6  14.5 25.0 19.5 
 ________________________________________________________________  
 mean  5.3 11.3   8.3  14.8 24.6 19.1 
 ________________________________________________________________  
 P 1 5.8 11.0   8.2  14.5 23.5 19.0   
  2 6.2 11.3   8.2  14.5 25.0 19.5   
  3 5.4   9.3   7.3  14.5 26.0 19.5   
  4 6.3 11.8   8.8  14.5 25.0 19.5   
 ________________________________________________________________  
 mean  5.9 10.9   8.1  14.5 24.9 19.4 
 ________________________________________________________________  
 C+C 1 5.0   9.6   7.7  15.0 24.5 20.0   
  2 3.9   9.7   7.7  15.0 24.0 19.5  
  3 1.8   9.9   6.3  15.0 26.0 20.0  
  4 1.9   9.0   6.3  15.0 24.0 19.5  
  5 2.7   9.8   7.2  15.0 26.0 20.0  
  6 3.2   8.6   6.7  14.5 25.5 19.5  
 ________________________________________________________________  
 mean  3.1   9.4   7.0  14.9 25.0 19.8 
___________________________________________________________________________ 
C; sown crop, P; 30% protein pellets, GP; ground 30% protein pellets, 
C+P; sown crop + 30% protein pellets, C+C; sown crop + supplementary crop  
Table 8.3 
PM:I; Total organic carbon (TOC; mg l-1 ) of water samples1  
           obtained from each treatment during the course of the trial 
______________________________________________________________ 
Day*          Treatment2               __                
 C C+P GP P 
______________________________________________________________ 
  2   8.51 ±0.91   7.59 ±0.57   7.06 ±0.41   6.25 ±0.33  
  9 21.46 ±2.26 20.54 ±1.15 10.40 ±0.99 10.46 ±0.67 
16 30.06 ±2.61 28.28 ±2.86 13.05 ±0.30 12.43 ±1.03 
23 37.53 ±2.28 37.97 ±1.65 16.89 ±0.97 15.59 ±0.99 
30 36.38 ±3.08 37.98 ±1.49 18.65 ±1.77 15.85 ±1.21 
37 37.37 ±2.36 40.34 ±2.65 22.33 ±1.27 19.99 ±1.88 
44 38.59 ±2.71 43.90 ±2.13 24.44 ±1.16 20.29 ±2.25 
51 41.41 ±2.32 46.45 ±2.18 28.14 ±2.00 23.78 ±2.93 
58 40.92 ±1.88 48.44 ±3.38 29.45 ±0.35 26.34 ±5.14 
65 38.59 ±1.22 48.65 ±4.01 29.91 ±1.88 26.75 ±3.39  
79 38.77 ±1.77 55.20 ±7.25 37.75 ±4.59 31.27 ±4.92 
______________________________________________________________ 
1; each value represents the mean (± se) of 4 replicate tanks. 
2:Treatments, C = crop, C+P = crop + pellet, GP  = ground pellet, P = pellet 
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Table 8.7 
PP:I; Dissolved oxygen and temperature readings during the trial. 
           
Treat Pond Flood DO (mg l-1)           Temp. (°C)   
   Min Max Mean  Min Max Mean 
           
Control Ct     1 6.4 15.0   9.1  14.1 29.0 20.4  
     2 4.0 12.1   7.6  19.1 26.8 20.6 
     3 4.4 10.6   7.7  16.5 23.2 19.3  
                   4 6.5 13.4     8.9  16.9 22.9 19.8   
           
  mean 5.3 12.8   8.3  16.7 25.5 20.0 
           
Crop C1     1 2.3 12.3   6.6  18.0 32.0 23.3  
     2 0.9   8.9   4.4  18.5 28.6 23.2  
     3 3.5   9.5   6.8  14.8 22.1 17.9   
     4 4.2 12.7   7.9  16.7 23.4 20.1   
            
  mean 2.7 10.9   6.4  17.0 26.5 21.1 
            
 C2     1 4.8 13.0   5.4  16.3 28.0 21.5  
     2 1.6   8.4   8.0  15.8 25.8 20.5  
     3 3.2 12.7   5.5  15.0 23.5 19.7  
     4 2.1   9.1   8.0  13.2 23.9 18.7  
            
  mean 2.9 10.8  6.7  15.1 25.3 20.1 
            
Pellet P1  4.0 12.6   8.7  16.6 28.6 21.9  
     2 3.8   8.3   6.6  15.8 23.9 19.2  
     3 3.5   9.8   5.9  16.3 21.8 19.0  
     4 6.0 13.3   9.6  14.5 23.4 18.5  
                       
  mean 4.3 11.0   7.7  15.8 24.4 19.7 
            
 P2    1 2.1 15.1   8.3  15.6 29.7 18.5 
     2 4.2 12.6   7.5  15.5 27.2 20.1 
     3 2.7 14.0   9.8  13.5 23.3 17.0 
     4 4.0 16.1 10.5  15.0 24.2 19.2 
  _____________________________________________________  
  mean 3.3 14.5   9.0  14.9 26.1 18.7 
           
Crop; sown crop (T. repens), Pellet; 30% protein pellets 
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Figure 8.1
Mean total organic carbon content of the water versus 
time after flooding in trial PM:I
Figure 8.2
Dry matter retention of the pelleted diets used in the pond 
microcosm trials (P30) and the pond production trial (B1, B2)
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Figure 8.3
Growth of yabbies fed a 30% protein pelleted diet (P30) 
or a forage crop (T. repens ) in trial PM:I.
Figure 8.4
Growth of yabbies fed a 30% protein pelleted diet (P30)
or a forage crop (T. repens ) in trial PM:II
Figure 8.5
Growth of yabbies fed a 30% protein pelleted diet (P30)
or a forage crop (T. repens ) in trials PM:I and PM:II
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Figure 8.6
Mean weight of yabbies during each flood period in trial PP:I
Figure 8.7 (following page)
Density plot and the smoothed normal curve for the weight
distribution for yabbies maintained in ponds for 100 days.
 
Figure 8.8
Mean weight of yabbies fed a pellet diet (P30) in tanks (trials Aq:III and Aq:IV)
and in pond microcosms (trials PM:I and PM:II).
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Figure 8.9a
Regressions for dry matter (a) and protein (b) inputs 
from pellets or a forage crop (T. repens)  into ponds 
and tanks (in trials PM:I, PM:II and PP:I) versus yield.
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CHAPTER 9  
 
Selected aspects associated with the ingestion and processing of 
natural-feeds and compounded/manufactured diets. 
 
9.1 Introduction 
In previous chapters it has been shown that the growth response, moulting pattern, 
gross morphology, nutrient digestibility and the feed utilisation indices are all 
important parameters to consider during dietary evaluations involving C. destructor. 
Collectively, these parameters provide a means of assessing the performance, health 
and condition of animals fed various diets. Other parameters associated with the 
morphology and digestive response of animals can also be used to further improve 
our understanding of the feeding biology, nutrient requirements and nutritional 
status of freshwater crayfish. In the present chapter, selected morphological and 
physiological aspects are assessed in relation to the consumption and processing of 
diets previously evaluated. 
 
The hepatopancreas is considered to be the central organ of digestion and the 
principal storage organ in decapod crustaceans (Armitage et al. 1972; Gibson and 
Barker, 1979; Vogt et al., 1985). Its condition is intimately associated with 
numerous environmental parameters and it can be used to evaluate the nutritional 
status of animals (Papathanassiou and King, 1984; Vogt et al., 1985, 1986; Whyte et 
al., 1986). The hepatosomatic index (HSI) for example, is closely linked to nutrient 
intake and can be used as an indicator of animal health (Vogt, et al., 1989). It has 
been demonstrated in numerous studies that a reduction in the size of the 
hepatopancreas occurs when animals are starved (e.g., Stewart et al., 1967, 1972, for 
H. americanus; Cuzon et al., 1980 for P. japonicus; Whyte et al., 1986, for P. 
platyceros; Leung et al., 1990, for Metapenaeus ensis; and Evans et al., 1992, for C. 
tenuimanus). Feed-type and feeding level influence the HSI (e.g., McClain et al., 
1993; McClain, 1995a, 1995b for P. clarkii). An inverse relationship between gonad 
and hepatopancreas size has also been reported (Lindqvist and Louekari, 1975, for 
A. astacus; Kyomo, 1988, for Sesarma intermedia). Ultrastructural changes to the 
hepatopancreas, sometimes classified as degenerative, have also been recorded for 
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animals feeding on particular diets. For example in P. monodon, histological 
abnormalities in the hepatopancreas have been caused by feeding on diets that 
contain excessive levels of certain carbohydrates (Pascual et al., 1983), lipids 
(Bautista, 1986), toxic constituents of plant foodstuffs (Vogt et al., 1986) and on 
diets with vitamin deficiencies (Catacutan and De La Cruz, 1989). Physiological 
changes to the hepatopancreas also occur in response to dietary intake (e.g., Stewart 
et al., 1972, for H. americanus; Van Wormhoudt et al., 1980, for P. serratus; 
Barclay et al., 1983, for Penaeus esculentus; and Leung et al., 1990, for 
Metapenaeus ensis). In the present study, the hepatopancreas is used in conjunction 
with growth and feed utilisation data to evaluate the performance and nutritional 
status of pond-reared animals fed different diets. The relative size, composition and 
appearance of the hepatopancreas were monitored. 
 
To date, most production oriented studies on the yabby have focussed on the 
relationship between nutrient inputs and crayfish yield (e.g., Mills and McCloud, 
1983; Geddes et al., 1993; Geddes and Smallridge, 1993). While this approach is 
essential for developing cost-effective production practices, an evaluation of 
intermediary processes (e.g., nutrient selection, nutrient turnover time and 
processing efficiency, plankton production, forage quality etc.) may provide 
valuable insights into nutrient flow in pond-based production systems and may help 
to explain why growth performance is better on certain diets. The biochemical 
composition of the ingesta of yabbies that are cultured in such systems has not been 
considered hitherto, although such an evaluation is useful in dietary studies of other 
decapods (e.g., Hunter et al., 1987). Furthermore, the functional response and the 
mechanisms associated with the utilisation of natural and artificial feeds are poorly 
understood. So too is the relative importance of the various naturally-occurring 
feeds to the overall nutritional budget of freshwater crayfish. The developmental 
changes in digestive morphology and physiology and their relationship to feeding 
behaviour and feed utilisation are also largely unknown, although considerable 
progress has recently been made for some marine decapods (e.g., Jones et al., 1993; 
Rodriguez et al., 1994; Kumlu and Jones, 1995). It has previously been shown that 
C. destructor has the capacity to selectively process certain dietary components and 
that this may be an adaptively significant feeding strategy in some environments 
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(Chapter 7). However, models of feeding efficiency should also incorporate 
parameters such as overall nutrient processing time, nutrient digestibility and 
assimilation, feed selectivity, feeding periodicity and the enzymatic response 
following ingestion. Some of these aspects are considered in the present study. 
 
Mitchell et al. (1995) presented a conceptual pond production model for freshwater 
crayfish and identified forage crop and supplementary feed inputs as major state 
variables. On the basis of previous work (Chapter 8), both feed-types can be used to 
enhance crayfish production above that achievable in systems where naturally 
occurring biota are the only source of food. However, pelleted diets produce a more 
favourable growth response and are utilised more efficiently than diets based on 
forage crops. The improvement noted by feeding with pellets is probably due largely 
to their superior nutrient profile, but other factors such as their physical 
composition, their effect on non-target biota, the degree to which they are selected in 
preference to indigenous feed items, and the digestive response and assimilative 
capacity of animals feeding on pellets, may also be significant. 
 
Although pellets result in faster growth, forage-based systems that employ small but 
frequent additions of a lower nutrient value feed (i.e. cut clover) can result in 
reduced feed wastage and can produce growth rates approaching those achievable on 
pellets. The capacity of the yabby to thrive in forage-based production environments 
is probably linked to its natural feeding behaviour and to its digestive strategy. 
Indeed, it has been shown (in Chapter 7) that yabbies can selectively process certain 
components of their diet and that this may be an important mechanism permitting 
the efficient utilisation of nutrients in earthen environments, particularly in 
situations where most of the nutrients are located in the sediment. This capacity may 
be less important to animals feeding on well formulated artificial diets, particularly 
in bare-tank-type situations devoid of sediments. In the present study, a comparison 
of the ingestion and processing efficiency of pellets and forage crops is conducted as 
an aid to understanding why growth performance on pelleted diets is superior. 
Animals growing in ponds devoid of feed supplements are also evaluated in an 
endeavour to improve our understanding of the capacity to which yabbies can utilise 
the naturally occurring biota. 
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The broad objectives of this study were to: 
1. evaluate the potential of the hepatopancreas as an indicator of the nutritional 
    status of animals fed different diets; 
2. further evaluate the relative contribution of natural biota to the nutrition of 
    animals fed pelleted diets in earthen-based environments; 
3. determine the protein and dry matter digestibility and the gastric evacuation rate 
    of various feeds by pond-reared animals; and 
4. determine the “apparent enzymatic response” of animals fed various diets in 
    tanks. 
 
To accomplish these aims, the ingesta were obtained from the foregut of animals fed 
various diets in ponds (from PP:I, Chapter 8) and in tanks and analysed for their 
chemical composition. Faecal matter was also collected from pond-reared animals 
for estimation of digestibility and gastric evacuation rate. The hepatopancreas of 
pond-reared animals was also removed and analysed and the stomach volume was 
determined. 
 
9.2 Materials and methods 
Animals cultured in the 5 earthen ponds of PP:I (Chapter 8) were trap-sampled 
(refer to Chapter 2) between 0730-0830 h, and the pellet-based ponds were sampled 
1 h following the morning feed (unless otherwise specified). 
A schematic diagram of the sampling procedure and the main effects examined 
during the study is provided in Figure 9.1. The same sample codes used previously 
(in Chapter 8) were also used here (and are abbreviations based on the formula, 
TzFxWy, where Tz = treatment T, pond number z, Fx = flood number x, and Wy = 
week number y).  
 
Animals were selected at random from the trapped population and were either 
dissected or used for faecal collections. Animals were returned to the ponds after the 
faecal collection period. 
The following effects on apparent food utilisation were examined during this study; 
the effect of feed-type (between ponds); the effect of flood (within all ponds); the 
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effect of crop decay (within C1 and C2, the crop-based ponds); the effect of pellet 
availability (within P1 and P2, the pellet ponds); and the diel effect (within P1 and 
C2). 
 
9.2.1 Foregut and hepatopancreas samples. 
From 10-88 animals were selected at random from the trapped population the 
moment it was removed from the pond (i.e. at the pond edge) and immediately 
covered with flaked ice for 1-3 h prior to dissection. The foregut was removed and 
placed in a freezer for 1-4 h, after which the frozen food bolus was dissected out. 
Samples from each pond were pooled, dried for 16 h at 105°C, weighed, and then 
ground to a fine powder in a mortar with a pestle and subsequently analysed for 
crude protein and ash by previously described methods (Chapter 2). 
 
During the dissection procedure, the hepatopancreas was removed and weighed 
from all animals that had normal sized chelae and that were clearly not in the 
immediate premoult or postmoult stage of growth (based on gastrolith formation and 
on the development of a new cuticle). The hepatosomatic index (HSI) was 
calculated for each yabby according to the following equation, HSI (%) = 
hepatopancreas weight (g) x 100/ yabby weight (g). The hepatopancreas’ from 
individual animals were analysed for moisture content (drying for 16 h at 105°C) 
during floods 3 and 4, and pooled samples for each pond were evaluated during 
flood 2 for ash, crude protein and lipid by previously described methods (Chapter 2). 
 
The foregut content of crayfish from all ponds was analysed on the third week of 
each flood period (F1-5W3) (i.e. effect of flood). To evaluate the relationship 
between the stage of crop decay and apparent feed utilisation, weekly foregut 
samples were taken during the third flood (F3W1-3) from ponds C1 and C2. The 
effect of pellet availability on apparent feed utilisation in P1 and P2 was investigated 
during the final week of flood 5 (F5W3) by sampling animals 1 h, 24 h and 72 h 
post-feeding. Finally, the diel effect on apparent feed utilisation was also examined 
by sampling ponds P1 and P2, 3  times during a single nightly cycle in week 2 of 
flood 4 (F4W2a,b,c). Animals in P1 were fed as normal at 2300 h., and 0700 h., then 
sampled at approximately 0000 h., 0400 h. and 0800 h.  
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9.2.2 Faecal collections 
During the 3 floods of PP:I (Chapter 8), faecal matter was collected from animals by 
first placing them in plastic mesh crates to which polystyrene floats had been 
attached. After a brief rinse in fresh water, the crates were floated in the faecal 
collection system described in Chapter 7, for a 4-6 h period during which faecal 
matter was collected. An ice-jacket was placed around the collection vessel in order 
to minimise microbial degradation of the faeces. Although the yabbies were held 
communally during the collection period, mortalities and mutilations were prevented 
by sorting animals according to size. Upon removal from the faecal collection 
system animals were sampled to determine whether the duration of the collection 
period was sufficient to ensure gastric evacuation. Following the faecal collection 
animals were held for up to 3 h in 1000 l tanks prior to being weighed and released 
back into the ponds. Visual checks were made on the quantity of faecal matter 
voided while being held in these tanks. The faeces obtained from each pond were 
pooled, frozen to -15°C for 24-48 h, freeze dried for 48-72 h, and finely ground 
prior for determination of crude protein and ash by previously described methods 
(Chapter 2). 
 
9.2.3 Foregut validation procedure  
In order to validate use of the chemical profile of the foregut (i.e. protein and ash 
content) as an indicator of the chemical profile of the ingested food, it was first 
necessary to conduct a series of preliminary trials. The procedure used involved 
feeding animals with diets of known nutrient content while they were being held in 
controlled conditions. Groups of animals were placed individually into tanks of the 
aquarium system (Chapter 2) and were not fed for 24-36 h to ensure complete gut 
evacuation. Three hours prior to feeding, the tanks were covered with black 
polythethylene sheet to simulate night conditions and also to minimise disturbance. 
Animals were then fed specific diets for a 30 minute period after which they were 
immediately removed from the tanks and covered with flaked ice for 1-2 h. After 
weighing the animals, the foregut contents were removed by the previously 
described method (Section 9.2.1). Three replicate groups of 10-12 animals each, 
were analysed for 9 different compounded feeds. The diet used in the pond trial (B2, 
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Barastoc- batch 2) was fed to 6 replicate groups of 10 animals each, of which 3 
groups were not fed for 48 h, while the other 3 groups were not fed for 96 h. The 
foregut contents of each replicate group of animals were pooled, dried overnight at 
105°C, then evaluated for dry weight, crude protein and ash according to previously 
described methods (Chapter 2).  
 
A diet of zooplankton (Zoo, frozen Daphnia sp.) and 3 different detritus diets (Det1, 
Det2, Det3) were also evaluated in this way. The detritus feeds were prepared by the 
following procedure. Sundried T. repens was added to several 1000 l tanks 
containing an earthen substrate (refer to Chapter 8) and left for about 7 days. Detrital 
material was gathered by hand to minimise the collection of soil particles. The 
detritus was moulded into balls about 2cm in diameter, then frozen to -15°C. Large 
non-pliable fibrous matter was removed during the formative process. After 
defrosting, 1 detritus ball was fed to each yabby for a 15 minute or a 30 minute 
period depending on the treatment. The detritus tanks were refilled and the process 
was repeated at a later date to obtain 3 different batches of detrital food. 
 
9.2.4 Foregut fullness 
To estimate foregut fullness it was first necessary to determine the relationship 
between foregut volume and animal weight. This was done by first removing the 
head and foregut from 160 pre-weighed intermoult animals. Silicone (Selleys Aust. 
Pty. Ltd.) was then injected into the foregut until it was inflated to the point where 
the posterior wall of the foregut just touched the abductor muscles of the mandibles. 
The silicone was left to cure overnight after which the dry silicone balls were 
dissected from the foregut. Their volume was determined by fluid displacement in a 
volumetric cylinder. The relationship between animal weight and foregut volume 
(Figure 9.2) was determined, using a least squared regression analysis, to be, 
V = 0.048 W0.9543 (R2 = 0.86), where V = foregut volume (ml), 
                                                          W = yabby weight (wet -g) 
 
 
To determine the foregut fullness (%), the following equation was used,  
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F =      Fs x M _           where, F = foregut fullness (%)          
         10 x d x Fv                     Fs = foregut food sample 
                                                         (mg dry wt/g wet yabby wt) 
                                                M = mean yabby weight (g) 
                                                Fv = foregut volume (cm3) 
                                                d = density of foregut contents (g dry wt cm-3) 
 
To calculate the density of the foregut contents, it was necessary to measure the 
volume of several frozen samples taken from randomly selected crayfish from each 
pond. Food bolus volume (pooled) was determined by fluid displacement in a 
volumetric cylinder at 20°C. The contents of the volumetric cylinder were then dried 
for 16 h at 105°C to determine food bolus mass (g).  
 
9.3 Results 
9.3.1 Hepatopancreas 
Summary data for the hepatopancreas condition is provided in Tables 9.1 and 9.2, 
and Figure 9.3. The size, colour, texture and chemical composition of the 
hepatopancreas differed markedly among treatments. 
 
The hepatopancreas of animals that were fed the pelleted diet was a cream/cream-
yellow colour, whereas the hepatopancreas of animals in the other ponds was a 
brighter yellow and was closer to the natural colour of wild caught animals (Figure 
9.4). Furthermore, the hepatopancreas of the pellet fed animals was more fragile and 
had a greater tendency to fragment with handling. This difference was maintained 
for the duration of the trial.  
 
Differences in the HSI and the moisture content of the hepatopancreas also occurred 
between treatments. Pellet fed animals had a larger hepatopancreas, with a lower 
moisture content than those in the other 2 treatments. The hepatopancreas of the 
pellet fed yabbies was approximately 23% and 39% heavier than the hepatopancreas 
of animals in treatments Ct and C respectively. The hepatopancreas moisture content 
was about 10% and 12% lower in crayfish in the pellet treatment than those in the 
crop and the control respectively. No significant difference in hepatopancreas 
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moisture content occurred between yabbies in the control and the crop ponds. 
ANCOVA also indicated that the relationship between hepatopancreas weight and 
overall yabby weight was significantly different between treatments. Significant 
differences in hepatopancreas %protein, %lipid, %ash, and %carbohydrate also 
occurred between dietary treatments. The hepatopancreas of the pellet-fed animals 
had the highest lipid (70.6%) and the lowest ash (2.4%), protein (19.9%), and 
carbohydrate (7.1%) content, whereas the reverse occurred for animals in the control 
pond (treatment C; lipid 44.3%, ash 6.2%, protein 37.4%, carbohydrate, 12.2%). 
The crop-fed animals contained intermediate values (lipid 57%, ash 4.2%, protein 
28.7%, carbohydrate, 10.1%). When the absolute quantity (mg) of lipid, ash, protein, 
and carbohydrate in the hepatopancreas were determined (Table 9.2), it was 
apparent that a substantial difference between treatments occurred for the lipid 
content. At a standard yabby weight of 10g, pellet fed animals contained about 
212% and 330% more lipid than animals in the crop and control treatments 
respectively. Only minor differences in absolute quantities between treatments were 
apparent for the other components tested, particularly for the protein and 
carbohydrate content.  
 
9.3.2 Foregut and faecal samples 
9.3.2.1 Diet-foregut comparisons: aquaria 
Summary data for the foregut ash and crude protein content of yabbies fed in tanks 
on a variety of diets is provided in Table 9.3 and Figures 9.5a and 9.5b. The protein 
content of the food bolus was higher than the protein content of the diet in all cases, 
except for diet P52. The percent difference decreased as the protein content of the 
food increased. For diet P0 and diet P5, the food bolus protein content was 5,184% 
and 170% greater than the protein content of the feed respectively, whereas for diet 
B2(96) and diet A30, only an 8.5% and a 9.2% increase was recorded respectively. 
The protein content of the foregut using diet P52 was 0.5% lower than the protein 
content of the food. 
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A curvilinear response best described the relationship between dietary protein and 
the resultant protein content of the foregut (Figure 9.5a). As the protein level in the 
feed increased, the protein content of the foregut decreased until dietary protein 
levels were about 10%, after which there was a linear increase in the quantity of 
protein present in the foregut. For the detritus and zooplankton diets, the foregut 
protein was also higher than the protein content of the feed. The difference was only 
1.2% for the zooplankton diet, but was considerably higher for the detritus. For diets 
Det1, Det2, and Det3, the foregut protein content was 300%, 79%, and 206% higher 
than the protein content of the feed respectively. 
 
Similar to protein, the ash content of the food bolus was always higher than the ash 
content of the feed (Figures 9.5b). The relationship was described by the equation,  
Fa = 0.87 x Da + 2.55 (Fa = Foregut ash %, Da = Diet ash %, R2 = 0.84). 
 
Once again the response using diet P0 was markedly different to any of the other 
compounded feeds. For diet P0, the ash content increased from 1.03% in the food to 
6.5% in the foregut (a 531% increase). 
 
Whereas an increase in protein content may be expected as enzymes are secreted 
into the foregut, a similar explanation for the ash content is not reasonable. This 
apparent anomaly was checked using individual foregut samples from several 
animals but similar results were obtained. When diet P0 was excluded from the 
regression analysis, the equation,  
Fa = 1.09 x Da + 0.74, described with a high level of accuracy (R2 = 0.996), the 
relationship between the ash content of the foregut and the diet. In this case, the ash 
content of the food bolus was on average, 1.3% higher than the ash content of the 
diet.  
 
The zooplankton diet also resulted in a 7.5% increase in ash compared with the feed. 
All the detritus treatments however, resulted in a lower ash content of the food bolus 
compared with the ash content of the feed. Reductions in ash content of 63%, 46%, 
and 57% were recorded for diets Det1, Det2, and Det3 respectively. 
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Similar results were obtained using the Barastoc diet (B2) for animals that had been 
fasted for a 48 h and a 96 h period. The protein and ash content in the foregut of the 
96 h fasted animals was 6% and 10% lower respectively, than the protein and ash 
content of the 48 h fasted animals. Foregut fullness however, was quite different 
between treatments. The foregut of the 48 h fasted animals was 51.5% full after 30 
minutes of feeding, whereas it was almost entirely full (98.6%) in the 96 h fasted 
animals. The animals that were fasted for the 4 day period consumed a large 
quantity of food and the foreguts were visually filled to capacity and in some cases 
were quite distended. 
 
9.3.2.2 Natural feed utilisation: ponds 
Summary data for the foregut content and the apparent dry matter and protein 
digestibility coefficients of yabbies fed in ponds is provided in Tables 9.4 and 9.5 
and Figure 9.6. 
 
Effect of Flood: foregut  
The quantity of food in the foregut of yabbies from the control pond was 
consistently lower than the quantity of food in the foregut of animals obtained from 
the other ponds (Figure 9.6a). The lowest foregut fullness value recorded was 20.9% 
for CtF1W3 while the largest value was 79.5% for C2F3W1. Yabbies in the crop 
treatment had foreguts that generally contained more food than those of animals in 
the pellet treatment. Mean %foregut fullness was 26.7, 62.3, and 48.5% for 
treatments Ct, C and P respectively. Foregut fullness increased in the control pond 
with each successive flood (except F4 where there was a slight decrease) from 
20.9% at F1 to 32.0% at F5. In the 4 other ponds there was also an apparent increase 
in foregut fullness with each successive flood (for animals that were sampled at 
0800 h) up until F3 after which it decreased to F5. 
 
The protein content of the food bolus was high in all samples. Foregut protein 
ranged from 24.5% (CtF1W3 and C1F5W3) to 44.1% (C2F4W3). The mean foregut 
protein content was 35.6%, 29.9%, 35.5%, 34.7%, and 33.0% for ponds Ct, C1, C2, 
P1, and P2 respectively. Foregut ash was highly variable within crayfish from each 
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pond, particularly for the control pond. The range in the foregut ash content was 
25.8, 9.4, 12.5, 9.9, and 13.5 for Ct, C1, C2, P1, and P2 respectively.  
 
Foregut protein and ash were negatively correlated. High protein levels in the 
foregut generally corresponded to low levels of ash. (Pearson correlation coefficient 
= -0.65). 
In the control pond and both pellet ponds the highest foregut ash level occurred 
during F1. In Ct, the ash level in the foregut decreased from 47% to 21% during the 
first 3 floods and remained below 30% for the duration of the trial. The protein 
content in Ct however, increased to F3 and appeared to stabilise at approximately 
40% for the remainder of the trial. A similar trend was apparent in the pellet ponds. 
The foregut ash content in P1 and P2 decreased from F1 to F4 by 9.9% and 13.6% 
respectively although protein levels were variable during this period. 
 
Effect of crop decay: foregut  
In the crop-based ponds the time after flooding appeared to affect foregut fullness 
(Figure 9.6b). During flood 3 in C1 and C2, foregut fullness was 7% and 18% higher 
at W1 than at W3 respectively. Foregut protein was also greater at W1 whereas the 
ash level was lower. 
 
Effect of pellet availability: foregut  
Not feeding the yabbies in P1 and P2 for 3 days prior to harvest, did not appear to 
greatly affect the foregut protein and ash content.  
From F5W3 to F5W3NF72 the ash level decreased from 26.2% to 22.6% in P1, 
whereas it increased from 20.8% to 23.4% during this period in P2. However, 
protein levels increased in both ponds during this period from 32.5% to 36.5% in P1, 
and from 32.4% to 37.8% in P2. The foregut of animals that were not fed for 72 h 
were less full those of animals that received food 1 h prior to sampling (P1, 18% 
reduction; P2, 14% reduction) (Figure 9.6c). This effect was also recorded for 
animals that had not received food for 24 h in P1 (15% reduction). 
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Diel effect: foregut  
Foregut fullness decreased from the midnight to the early morning sample in C2, 
whereas it increased in P1 (Figure 9.6d). The foregut from animals captured from C2 
at 0800 h, were about 13% less full than those of animals captured at midnight. In P1 
however, the reverse was true and the foreguts of animals captured at midnight were 
about 19% less full than those of animals captured at 0800 h, despite the fact that 
food was added to the pond 1 h before sampling on both occasions. 
 
No clear trend was apparent in the foregut protein and ash content of animals that 
were captured at different times from midnight to late the following morning. For 
each period of sampling in treatment C and treatment P, the foregut protein and ash 
levels were greater than 32% and 17% respectively and did not vary greatly between 
sample times. 
 
Culture system effect: foregut 
The culture system (aquaria or pond) strongly influenced the foregut composition. 
The %ash, %protein, and %foregut fullness were quite different for yabbies that 
were fed the manufactured diet (B2) while housed in the aquarium system, compared 
with animals that were fed in ponds. The foregut of animals that were fed in ponds, 
contained about 176% more ash and 5% more protein than the foregut of animals 
fed in tanks. Furthermore, the foregut of the tank fed animals contained about 45% 
more food (as volume) than the foregut of pond-reared animals after a similar 
feeding period. 
 
Effect of flood and crop decay: faeces 
The %ash and %protein in the faeces of yabbies generally reflected the level of ash 
and protein in the foregut. In crayfish from the control pond for example, the %ash 
decreased and the %protein increased from F1 to F3 for both the faecal and foregut 
samples. The Pearson correlation coefficient for the %ash in the faeces and the 
foregut was 0.72, while for protein it was 0.49.  
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Apparent dry matter and protein digestibility coefficients were high for each of the 
dietary treatments. The mean DMD coefficient was 55%, 51%, and 58%, and the 
mean PD coefficient was 92%, 89%, and 91% for treatments Ct, C and P 
respectively. In the control pond, both the DMD and PD coefficients increased with 
each successive flood. A similar trend was not recorded for the other ponds. During 
F3 in treatment C, the DMD and PD coefficients varied only slightly during the 3 
week sampling period and a consistent trend was not apparent. 
 
The faecal egestion rate decreased with each successive flood in all ponds and 
appears to be a function of animal size although other factors (e.g., water quality, 
food composition etc.) may also have been important. The following power curves 
describe the relationship for each treatment, (Figure 9.7a), 
 
D = 8.92W -1.62 (R2 = 0.999; Control) 
D = 3.31W -0.76 (R2 = 0.89; Crop) 
D = 2.24W -0.56 (R2 = 0.99; Pellet) 
where,  D = defecation rate (mg dry faeces/g yabby wt/hour) 
            W = mean yabby weight (g)  
 
The smallest yabbies evaluated (P3, W = 3.42g) defecated at about 3 times the rate 
than animals that were about 6 times as large (P1, W = 21.3g). Yabbies in CtF1W3 
produced faecal matter at a rate of 1.2mg g-1 h-1 while for animals in P1F3W3 the 
rate of defecation was approximately 0.4mg g-1 h-1. 
 
The defecation rate was also negatively related to foregut fullness (F) according to 
the following power curves, (Figure 9.7b), 
D = 228.7F -1.84 (R2 = 0.51; Control) 
D = 404.6F -1.65 (R2 = 0.69; Crop) 
D = 38.17F -0.97 (R2 = 0.69; Pellet) 
 
 
 
9.4 Discussion 
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9.4.1 Digestive morphology 
9.4.1.1 Hepatopancreas related condition indices  
The condition of the hepatopancreas in C. destructor appears to be associated with 
the environment in which the animals are grown. Feeding on a manufactured 
pelleted diet resulted in significant changes to the colour, texture, size and chemical 
composition of the hepatopancreas in comparison to animals fed more natural diets. 
In terms of absolute quantities (mg), only the lipid and dry matter content varied 
greatly between treatments. Yabbies appear to store most of their energy reserves in 
the hepatopancreas as lipids which can act as a ready source of nutrients for 
mobilisation during times of need (e.g., during gonad maturation and at times when 
food is scarce). Hepatopancreas lipids are also a significant energy reserve in other 
decapod crustaceans and often supply the bulk of caloric requirements during 
periods of food deprivation (e.g., Whyte et al., 1986 for P. platyceros). Considering 
the apparent relationship between growth performance and hepatopancreas size and 
chemical composition, it appears that the yabbies fed the pelleted diet were in better 
physiological condition than animals in the other treatments, particularly for the 
control. McClain (1995a, 1995b) also found that the addition of a pelleted diet to 
ponds containing a forage crop resulted in an increase to the HSI of P. clarkii. 
 
Changes in the relative size and composition of the hepatopancreas are associated 
with ontogenetic development, reproduction, moulting, growth, nutrient intake and 
other events. Although certain dietary constituents may cause hyperplasia and/or 
hypertrophy in organs that are intricately associated with nutrient processing (e.g., 
enlarged livers in fish feeding on high starch diets; Cowey and Walton, 1989; 
Steffens, 1989; Kaushik et al., 1989) a large hepatopancreas with a low moisture 
content is usually an indicator of well conditioned animals (McClain, 1995a).  
 
Consideration of hepatopancreas size is particularly important in hatcheries where 
animals are being conditioned for breeding purposes and in situations where the 
hepatopancreas is a saleable product, such as in the American crawfish industry. 
Developmental changes in digestive capacity are also related to the size of the 
hepatopancreas in other decapod crustaceans (e.g., P. setiferus, Lovett and Felder, 
1990; P. monodon, Jones et al., 1993; M. rosenbergii; Kamarudin et al., 1994; P. 
 236
elegans and M. rosenbergii; Kumlu and Jones, 1995). The ability of the 
hepatopancreas to store large quantities of nutrients may also be advantageous in 
natural habitats where severe and possibly long term food deprivation is a continual 
threat. For example, it is mainly due to the large lipid reserves in the hepatopancreas 
of the coconut crab, Birgus latro, (the largest land-dwelling crustacean) that this 
species can survive for periods of more than a year without food (Storch et al., 
1982). C. destructor can also withstand long periods of food deprivation (e.g., in 
times of drought: Frost, 1974; Lake and Sokol, 1986) and a high lipid reserve in the 
hepatopancreas (evident in the pellet fed animals of the present study) probably 
extends the survival time. A large hepatopancreas with a high nutrient storage 
capacity may also extend the range of habitats that can be occupied successfully. 
Only those species that can effectively accumulate and store enough nutrients during 
times of abundance, will survive during periods when food is scarce. Indeed, the 
yabby hepatopancreas is very large and this may reflect the colonisation by the 
yabby of an extreme range of habitats. A comparison of the HSI of 16 species of 
decapod Crustacea (Table 9.6) indicates that the largest maxima and mean values 
recorded (13.4% and 9.4% respectively) are for C. destructor (treatment P in the 
present study) and that the HSI appears to be higher in freshwater than in marine 
species. Apart from an increased storage capacity, a large hepatopancreas may 
extend the range of diets that can be utilised effectively. Crayfish consume a higher 
proportion of vegetable material than most marine decapods (Lee and Wickins, 
1992), and for the omnivorous marine species, much of the plant matter that is 
consumed is probably algal-based (and low in fibre). A large hepatopancreas may be 
an adaptation to a diet high in cellulose and other difficult to digest fibrous materials 
(i.e. a diet of terrestrial plant matter). It would be interesting to examine the 
relationship between the HSI of various freshwater crayfish species and their natural 
feed intake. 
 
In the present study, the pellet fed animals grew the most rapidly, however, the 
unusually light colour and fragile nature of their hepatopancreas raises some 
concern. The abnormal colour may have been caused by insufficient plant and/or 
animal-based pigments in the diet (refer to Chapter 4). Carotenoid levels in the 
hepatopancreas of other decapod crustaceans have been found to vary considerably 
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according to dietary intake (e.g., Negre-Sadargues et al., 1993, for P. monodon) and 
are generally the major pigment responsible for the colour of the hepatopancreas. 
Carotenoid levels in the order of 0.1-0.23% have been reported (Negre-Sadargues et 
al., 1993). In most wild-collected yabbies the hepatopancreas is a rich-yellow colour 
possibly indicative of high levels of dietary pigments. The clover-forage in the 
present study may have provided an adequate source of these dietary pigments. 
Similarly, Huner and Meyers (1979) found that an abnormal light colour in the 
hepatopancreas of P. clarkii could be corrected by adding elodea to the diet. They 
also noted that in pond production environments, the hepatopancreas colour is 
normally yellow when green vegetation (i.e. a forage crop) is present, whereas in 
ponds devoid of green plant matter the hepatopancreas is a pale grey colour. 
 
The apparent poor structural integrity of the hepatopancreas of yabbies fed the 
pelleted diet may also indicate a deficiency of some kind. Although histological 
work was not performed, it is possible that the musculature associated with the 
hepatopancreas (i.e. the muscle network surrounding the organ and the circular and 
longitudinal muscles of the tubules; Gibson and Barker, 1979) were poorly 
developed.  
 
The absence of green vegetation in the pellet ponds did not appear to be the only 
reason for the abnormalities noted in the hepatopancreas. Although smaller and 
slightly lighter in colour, the hepatopancreas from yabbies in the control pond were 
still quite yellow and were not as fragile as those from the pellet-based ponds. It thus 
seems likely that the difference in the hepatopancreas of the pellet fed animals, may 
have been due to the presence of a compound in the pellets, rather than due to the 
lack of something else. It remains unknown which component of the diet may have 
been responsible for the effect. 
 
 
 
 
 
9.4.1.2 Foregut volume 
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From the results of the present study, C. destructor appears to have a capacious 
foregut compared with several marine species. The foregut volume of the yabby is 
about 5 times greater than the foregut volume of similar sized Penaeus esculentus 
and Penaeus semisulcatus, (from the relationship, V = 0.0093 CL2.818; Hill and 
Wassenberg, 1987). This comparison is based on the maximum expanded foregut 
volume. According to Dall et al., (1990) however, the functional volume is only 
about 60% of the maximum volume due to a restriction imposed by muscles 
surrounding the gastric mill and due to a space limitation in the cephalothorax. This 
was not the case for C. destructor, but rather the foregut could be completely filled 
according to the derived relationship. For example, the foregut of animals that were 
starved for 96 h and then fed a commercial pelleted diet (B2), were almost 
completely full (mean = 98.6%, range = 92-106%) after only 30 minutes of feeding. 
Therefore in terms of functional volume, the foregut of the yabby appears to be 
approximately 8.5 times the volume of the foregut of P. monodon and P. 
semisulcatus. The small foregut of the penaeids forces animals to feed several times 
each night in order to obtain sufficient food (Dall et al., 1990), and almost constant 
feeding activity is required for maximum growth (Allan and Smith, 1995). Under 
natural conditions feeding periodicity is dependent on food availability and quality 
and in situations where high quality food is scarce, feeding may be more continuous 
(Dall et al., 1990). The only other information available regarding foregut volume is 
for the portunid crab, Scylla serrata. Based on the following formula,  
V = 0.07e0.033cw  (V = foregut volume, ml; cw = carapace width, mm; Hill, 1976) 
Ln W = 3.6 x Ln CW - 11.393 (for males),  
                    (Ln W = natural log weight, g; CW = carapace width),   
Ln W = 2.714 x Ln CW - 7.29 (for females), (Ian Knuckey, DPI, Darwin, Australia, 
unpublished data), 
it appears that the foregut volume of the yabby is about 1.8-2.5 times larger than that 
of the crab. Although it is difficult to generalise given the paucity of comparative 
data, the large foregut of C. destructor may be an adaptation to life in freshwater 
habitats where the availability of high quality food is often transitory and patchy in 
distribution. A large storage capacity in the way of a foregut may enable a more 
effective exploitation of sparsely distributed food and may also reduce the energy 
expenditure associated with foraging. Furthermore, foregut volume may be related 
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to diet quality and feeding preference. For example, decomposing plant matter is 
often a prominent component of the diet of freshwater crayfish (Lake and Sokol, 
1986; Goddard, 1988; Brunson, 1989, Huner, 1990), particularly for the more 
herbivorous species (e.g., Engaeus cisternarius and Engaeus fossar, Suter and 
Richardson, 1977; Parastacoides tasmanicus, Growns and Richardson, 1988) and 
can contain a substantial quantity of cellulose and other refractive material. A big 
foregut (and possibly a large hepatopancreas) may be part of a more general 
mechanism for processing large volumes of poor quality, bulky, fibrous foods. 
 
9.4.2 Ingestion and defecation: strategies for growth 
9.4.2.1 The enzymatic response 
The process of feeding and digestion in decapod crustaceans is complex and 
requires the simultaneous action of many inter-related structures. Based on the 
results of the present study, it appears that the enzyme level in the foregut of C. 
destructor is influenced by the physical and chemical properties of the ingested 
food. In other decapod crustaceans, the food-type can produce both qualitative and 
quantitative changes to digestive enzymes (e.g., Lee and Lawerence; 1982; Maugle 
et al., 1982; Lee et al., 1984; Jones et al., 1993; Kumlu and Jones, 1995), which can 
sometimes be attributed to individual components of the diet (e.g., trypsin-inhibitors 
in soybeans). Strict enzymatic regulation (e.g., via feed-type) is essential to ensure 
that food is utilised efficiently. 
 
Compounded pelleted diets are readily accepted by the yabby and appear to induce 
an enzymatic response that is dependent on the level of ingested protein. Low 
protein diets (<10%) appear to result in the secretion into the foregut of a large 
quantity of digestive enzymes, which presumably corresponds to a high total 
enzyme activity. This effect is not immediately apparent for diets that contain >10% 
protein. An inverse relationship between dietary protein content and proteolytic 
enzyme activity has also been reported for P. japonicus larvae feeding on live foods 
(Rodriguez et al., 1994) and for other penaeid larvae feeding on artificial diets 
(Kumlu and Jones, 1995). It has been proposed that low protein availability in the 
diet, either due to a deficiency or due to poor protein digestibility, may cause an 
increase in digestive enzyme activity by stimulating the secretion of enzymes and/or 
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by elevating their specific activity (Lee and Lawerence, 1985; Lovett and Felder, 
1990; Rodriguez et al., 1994; Kumlu and Jones, 1995). The activation of enzymes 
by low quality diets in this way, is believed to be a general mechanism for 
maximising the use of scarce components in the diet (Hofer, 1982; Harris et al., 
1986). 
 
Dietary characteristics other than the quantity of protein also appear to be important 
effectors of enzymatic secretion in C. destructor. Detritus-based diets, irrespective 
of the level of protein they contain, appear to stimulate a stronger enzymatic 
response than pelleted diets of a similar protein level. The stimulus for such a 
response may be mediated chemically (i.e. may be due to the presence of an active 
constituent in the detritus) or may be associated with the physical properties of the 
diet. It was interesting to note that the diets which produced the strongest enzymatic 
reaction (Det1, Det2, Det3, P0, P5) all had a very high fibre content (>20%) and 
were all soft, moist diets. Presumably they also had a relatively low specific gravity. 
The quantity of food in the foregut (mg g-1) of animals that consumed these low 
density, high bulk diets was relatively low (Table 9.3). The moisture and fibre 
components may act synergistically to improve the malleability of the diet and result 
in more effective enzymatic mixing. This may subsequently reduce the processing 
time of the food and effectively decrease the gut-transit time compared with feeds 
that have a higher specific gravity. A similar effect has been reported elsewhere 
(e.g., De Silva and Owoyemi, 1984, for Sarotherodon mossambicus) and also 
appeared to be the case with the detritus-based diets of the present study where 
waste material was observed in the anterior region of the hindgut only 30 minutes 
after ingestion. This material appeared to be the high ash, low fibre component 
representative of early deposited faecal matter (refer to Chapter 7). The immediate 
evacuation of the pelleted diets from the foregut was not apparent although it has 
been reported for other decapod crustaceans that foregut evacuation begins during 
ingestion (Loya-Javellana et al., 1995, for C. quadricarinatus) or almost 
immediately satiation has been attained (Dall, 1967, for Metapenaeus bennettae; 
Hill and Wassenberg, 1987, for P. esculentus). 
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The zooplankton diet was also a high bulk, low density diet (i.e. contained a high 
moisture content, about 75%, and a reasonably high level of crude fibre, about 7%, 
mostly chitin) and consequently resulted in a relatively low dry matter intake. 
However, the ingestion of the zooplankton did not appear to stimulate the immediate 
production of a large quantity of digestive enzymes. Indeed, the protein and ash 
content of the zooplankton was similar to the protein and ash content of the foregut 
after 30 minutes of feeding. In this case, other factors such as the dietary protein 
content may have been more responsible for regulating enzymatic processes. 
Zooplankton generally contain a high level of endogenous enzymes which may 
suppress the activity and/or secretion of digestive enzymes as has been recorded for 
other decapod crustaceans (Jones et al., 1993; Rodriguez et al., 1994).  
 
9.4.2.2 Selective feeding  
The ash content in the foregut of animals fed the pelleted diets in tanks, was 
dependent on the quantity of ash in the diet. The increase in the foregut ash content 
above that of the food, may have occurred for a number of reasons including, 1) the 
partial digestion and assimilation of other components of the diet following 
ingestion, 2) the removal of mineral-rich setae and associated structures in the 
foregut with the frozen food bolus, and 3) selective rejection of the dense mineral 
component of the pelleted diet (unlikely given that the fragmentation of food during 
its ingestion appeared to be minimal). It remains unknown why ingestion of diet P0 
resulted in such a large increase in the ash content of the foregut in comparison to all 
the other diets. It is possible however, that the high fibre content of this diet may 
have caused the removal of a disproportionate number of seta during the dissection 
process. For the 3 detritus-based diets, the large difference between the ash content 
of the foregut and of the feed is probably a result of the selective ingestion of certain 
dietary components. The fine inorganic fraction may have been (passively) excluded 
during the selection of higher molecular weight compounds in the feed. The dilution 
of the ingested food by the secretion of a large volume of enzymes into the foregut 
may have also contributed to the effect. The apparent selective feeding behaviour of 
yabbies consuming detritus-based diets, may be an important strategy for ensuring 
that high nutrient value material is ingested in preference to low quality sediments 
that contain only small quantities of useful organic matter.  
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In an attempt to optimise feeding efficiency most benthic animals have developed 
means of selecting and effectively concentrating the more nutritious components 
from the organic milieu (Lopez and Levington, 1987; Taghon et al., 1990). It is well 
accepted that freshwater crayfish can display considerable selectivity in their 
feeding behaviour (e.g., Holdich and Reeve, 1988; Loya-Javellana et al., 1993) and 
the yabby is no exception. However, the extent to which nutrient rich organic matter 
can be selected from a finely divided and sparsely distributed food resource remains 
largely unknown. So too is the relative importance of the fine particulate fraction to 
the overall energy budget. On the one hand freshwater crayfish have been described 
as microphagous detritivores (O’Brien, 1995, for C. tenuimanus), consuming large 
quantities of fine particulate organic matter (FPOM, <40µm), and possessing a 
gastro-intestinal system that is capable of efficiently converting this poor food 
resource (Lopez and Levington, 1987) into high levels of productivity. Yet only a 
small component of the growth potential is expressed when such diets are provided 
to freshwater crayfish (e.g., P. clarkii, McClain et al., 1992b; C. destructor, Chavez 
and Mitchell, 1995; the present study). 
 
9.4.2.3 Foregut content: ponds 
Environments such as the control pond of this study present the yabby with a 
considerable challenge. The availability of nutrients was low for the entire trial in 
this pond (J. R. Chavez, pers. comm.) and during the early growth phase most of the 
food was probably located within the sediment. The high level of inorganic matter in 
the foregut of yabbies during the first 2 floods of the control pond (F1, 47% F2, 
34%) and during flood 1 of the pellet-based ponds (P1, 27%; P2, 30%), suggests that 
the sediment was indeed a major source of food. McClain et al., (1992b) also found 
that the soil substrate provided a small but significant source of nutrition to P. 
clarkii grown in a detritus-based system. Despite the apparent low nutrient status of 
the control pond, the animals grew consistently but slowly. Enough natural food 
must have been available to satisfy more than the basic metabolic requirements. The 
increase in protein and decrease in the inorganic content of the foregut with each 
successive flood in the control pond, was probably the result of a change in nutrient 
availability. As the pond matured the yabbies nutritional dependence on the 
sediment may have shifted or alternatively the sediment became enriched with 
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organic matter. Indeed, primary production pathways would only have become a 
significant contributor to the nutrient reserves some time after the first flood. It 
remains unknown to what extent freshwater crayfish can directly utilise a 
phytoplankton resource despite indications that some species can filter-feed (Budd 
et al., 1978, 1979). The most likely mode of phytoplankton utilisation by yabbies 
growing in such a system would be via “detrital fallout” and via secondary 
productivity pathways. The relative contribution of the various endemic sources of 
food to the overall nutritional budget of C. destructor is considered in more detail 
later (section 9.4.2.5). 
 
A high protein content (>24.5%) was recorded in all the (pooled) foregut samples 
and (from the tank-based study) appears to reflect the production of digestive 
enzymes in response to the feed composition. Low protein food appears to stimulate 
the secretion of a large volume of digestive enzymes (section 9.4.2.1). The protein 
level in the foregut of animals that consumed higher protein diets may be more 
representative of the protein content of the food. However, this will depend on the 
composition of the food and the degree to which it has been digested prior to 
sampling. In the absence of data on dietary intake for pond-reared animals, the 
protein content of the foregut must be interpreted cautiously. The continued 
secretion of large volumes of digestive enzymes in response to poor quality diets 
may be a considerable energetic drain. Unless the yabby has an efficient mechanism 
for recycling digestive enzymes, the energetic cost of increased enzyme production 
would leave less energy available for other processes such as growth. 
 
Yabbies appeared to consume food throughout the night. For the pellet and crop-
based treatments, no obvious trend in the foregut indices was recorded for animals 
that were sampled at various times during a single night. Feeding bouts may be 
continuous or discrete and depend on factors such as the foregut volume, nutrient 
processing rate, the food quality and availability, and the pond dynamics (e.g., light 
penetration, turbidity). Although major feeding times for the yabby are reported to 
be around dusk and dawn (Frost, 1974) or during the night (Lake and Sokol, 1986), 
further work is required to gain a better understanding of the preferred feeding time 
and feeding behaviour of pond-reared animals.  
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The decomposition of the crop within the third flood (F3) appeared to influence the 
quantity and quality of food in the foregut of the yabby. With each successive week 
during flood 3, foregut contents (%fullness) decreased while the inorganic content 
increased. As the decomposition process continued the nutritional value of the 
submerged crop changed. Colonisation by microorganisms and the subsequent 
catabolism of the carbon resource in a forage crop usually leads to a decrease in the 
carbon:nitrogen (C:N) ratio (McClain et al., 1992b). Although the ideal C:N ratio is 
purported to be 17:1 or less (Russell-Hunter, 1971; Goyert and Avault, 1977), the 
point at which the formed detritus is the most nutritious remains largely unknown 
and remains an important consideration in studies involving decapod crustaceans 
(e.g., Avault et al., 1983; McClain et al., 1992b). 
 
9.4.2.4 Gut transit-time  
Gastric evacuation rates have not been studied previously in C. destructor and Loya-
Javellana et al. (1995, for C. quadricarinatus) provide the only other information on 
foregut evacuation for an Australian species of freshwater crayfish. She did not 
consider however, the relationship between feed-type and gut residence time, nor the 
mechanisms that control the satiation dose (e.g., the foregut volume, the specific 
gravity and/or nutrient density of the diet) despite the fact that these parameters have 
been shown to be important in dietary studies of fish (Fange and Grove, 1979). The 
results of the present study show that a reduction in the defecation rate occurs with 
increasing animal size and with an increase in foregut fullness. This was probably 
due to the reduction in weight-specific metabolic rate that occurs with increasing 
size (Musgrove, 1993), although other factors such as the diet-type may also be 
important. 
 
Indeed, the rate of nutrient processing, and presumably the gut-transit time, appears 
to be dependent on the diet-type. The detritus-based feeds (refer to Figure 9.5a) all 
appeared to stimulate a strong and almost immediate enzymatic response following 
their ingestion and at least a portion of these diets (probably the indigestible 
inorganic component and the very fine particulate organic matter) were rapidly 
evacuated from the foregut. The compounded diets that contained <10% protein also 
produced a strong enzymatic response, however no data were collected regarding 
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gut-transit-time. Pelleted diets containing >10% protein by virtue of their apparent 
low activation of enzymatic activity, are probably digested more slowly and may be 
held in the foregut for a longer period of time than diets containing less protein. 
Indeed, based on previous results (Chapter 7) approximately 14-16 h. at 21-22°C is 
necessary for the complete evacuation of compounded feeds containing 30% 
protein. 
 
It is proposed that the relatively small quantity of food in the foregut of animals 
growing in the control pond during the first flood (mean foregut fullness = 20.9%), 
is not due to a low feeding intensity, but rather is the result of a rapid gastric 
evacuation. Indeed, according to Murtaugh (1984), “stomach fullness cannot be 
unambiguously interpreted without a knowledge of gut residence time”. This is 
corroborated by the rapid defecation rate recorded during this period. Animals in 
this treatment appeared to be more active than those in the other ponds and were 
trapped more easily. Burrowing was also far less prevalent. An examination of the 
hindgut of animals at various times of the day revealed that solid wastes were 
usually present (J. R. Chavez, pers. comm.). In an attempt to procure sufficient food 
from a nutrient-limited benthic habitat, a common strategy among deposit feeding 
animals is to process large volumes of food (Lopez and Levington, 1987). This can 
be achieved by increasing the foraging time and/or by decreasing the time it takes to 
process the food. C. destructor appears to be capable of using both strategies. Loya-
Javellana et al. (1995) also proposed that C. quadricarinatus can regulate its 
digestive processes according to food availability, although she made no mention of 
the effect of food-type on digestive processing time nor discussed the time lapse 
between ingestion and egestion.  
 
The maturation of the control pond resulted in the build up of nutrients in the 
sediment (J. R. Chavez, pers comm.) and coincided with an increase in the relative 
quantity of food in the foregut. The defecation rate also decreased with each 
successive flood. The food processing time appeared to become slower as organic 
matter accumulated in the sediment. Changes to the chemical and physical attributes 
of the food may have been instrumental in effecting an increase in nutrient 
processing time, although other factors associated with the animal (e.g., size, 
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maturity, sex) and the pond dynamics may have also influenced nutrient gut transit 
time. It remains unknown why the animals in the control pond during flood 2 and 
flood 3, had such a slow defecation rate compared with similar sized animals in the 
other ponds. Considering the relatively high level of ash in the foregut of animals 
from the control during flood 2, a higher defecation rate could be expected. 
Although the yabby appears to have some degree of regulatory control over nutrient-
processing-time, the rate at which food can be passed through the gut is limited and 
will ultimately influence the rate of nutrient assimilation and subsequent growth 
(Bowen, 1987). Only by processing a sufficient volume of nutritionally balanced 
food can growth continue.  
 
9.4.2.5 Natural pond biota: contribution to growth 
In pond production environments, the extent to which naturally occurring biota are 
utilised as food has been the focus of a number of studies involving decapod 
crustaceans. The relative contribution of various feed-stuffs has been determined by 
using a range of methods, including the gross microscopic examination of the 
ingesta (e.g., Wiedenbach, 1982, for M. rosenbergii; Reymond and Lagardere, 1990, 
for P. japonicus), stable carbon isotope ratios (δC) (e.g., Schroeder, 1983; 
Lilyestrom and Romaire, 1987, for M. rosenbergii; Anderson et al., 1987, for P. 
vannamei; Bombeo-Tuburan et al., 1993, for P. monodon), immunological 
procedures (e.g., Hunter and Feller, 1987, for P. aztecus and P. setifeus; Feller, 
1991, for P. setiferus), and biochemical analysis of the foregut content (Moriaty, 
1977, for several penaeid species; Moriaty and Barclay, 1981, for Penaeus 
merguiensis; Hunter et al., 1987, for P. vannamei). Pond microcosms have also been 
used in an attempt to evaluate the relative importance of various food components in 
forage-based systems (e.g., McClain et al., 1992b, for P. clarkii). Similar studies 
have not been performed for C. destructor. 
 
In the pellet-based ponds of the present study, a substantial proportion of the 
ingested food did not appear to be derived directly from the manufactured diet (B2). 
While the protein content of the foregut was similar for pond and tank-reared 
animals, the ash content was considerably different (Table 9.3 and 9.4). The quantity 
of inorganic matter in the foregut of yabbies cultured in ponds was approximately 3 
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times higher than the level recorded for animals held in tanks. Hunter et al. (1987), 
for pond-reared P. vannamei, also found a substantial increase in the inorganic 
content of the ingesta compared with the inorganic content of the supplied pelleted 
feed. In the pellet-based ponds, not feeding for up to 3 days made little apparent 
difference to the composition of the ingested food. A switch to another food 
resource may have occurred however, which coincidentally resulted in similar 
foregut protein and ash levels. Indeed, McClain (1995a) in a pond-based study of P. 
clarkii, found that a reduction in the consumption of a pelleted diet did not 
significantly affect weight gain and proposed that reduced pellet availability 
stimulated a shift in feeding behaviour to more natural foods. Similarly, Tidwell et 
al. (1995) found for M. rosenbergii, that a nutritionally deficient pelleted diet caused 
a preferential increase in the consumption of benthic macroinvertebrates. 
 
Pellets were clearly ingested by the pond-reared animals in this study, but the 
fraction of the added feed which was consumed directly remains unknown. 
However, in PM:I and PP:I, pelleted diets resulted in a 116% and a 186% increase in 
mean weight at harvest relative to the no (available)-food treatments (i.e. the ground 
pellet and the control of Chapter 8, refer to Table 8.11). The growth obtained in 
these no-food treatments must have originated from natural productivity and in 
conjunction with the results presented here, it appears that the indigenous feed 
resource is very important. It has also been demonstrated in studies on other 
decapod crustaceans, that a high proportion of the diet may be obtained from natural 
pond productivity, even when an adequate pellet-based supplement is provided. For 
example, Anderson et al. (1987) and Lilyestrom and Romaire (1987) concluded that 
only 23-47% and 25-82% of the growth of P. vannamei and M. rosenbergii 
respectively, was due to the direct consumption of a pelleted feed. Reymond and 
Lagardere (1990) reported that a pelleted diet constituted less than 4% of the feed 
intake (as volume) by P. japonicus even though a considerable quantity of pellets 
was supplied. According to Tacon (1993a, 1993b), the importance of indigenous 
food organisms to the nutritional budget of species cultured under semi-intensive 
pond conditions cannot be over-emphasised. The initial feeding rate in the present 
study was based on previous work (Chapter 5) and it is considered that sufficient 
food was provided. Furthermore, feeding was monitored by using feed trays and 
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periodic adjustments were made according to apparent daily consumption. 
Maximum ingestion rates however, have yet to be determined for the yabby. It 
appears that natural pond biota are important even when sufficient pelleted foods are 
supplied. 
 
9.4.2.6 Digestibility: ponds  
The digestibility results obtained for the pond study further exemplify the apparent 
versatility of the yabby digestive system. Protein digestibility was high irrespective 
of the source of the protein. Animals that had access to a wide variety of food-types 
digested the protein component with similar efficiency. Likewise, there were few 
apparent differences in dry matter digestibility coefficients within and between 
treatments. A comparison of the pond-based digestibility coefficients (Table 9.5) 
with those obtained in the tank-based study (Table 7.4), indicates that protein 
digestibility was similar whereas dry matter digestibility was about 30% lower in the 
pond study. This is most likely due to the ingestion of a large quantity of inorganic 
matter from the sediment by the pond-reared animals. The extent to which the 
sediment contributes directly to the nutritional budget of C. destructor probably 
depends on a number of factors including the availability of alternative food, the 
nutritional value and nature of the sediment and the stage of animal development. It 
has been proposed that similar freshwater crayfish (e.g., C. tenuimanus, O’Brien, 
1995) can efficiently exploit sediment-based nutrients, and considering the 
morphology of the digestive system and the apparent capacity to rapidly and 
selectively process the fine particulate (inorganic) component of the diet, the 
sediment probably represents an important nutrient resource to the yabby. However, 
the relative contribution of various components of the sediment (e.g., microbial, 
degraded plant matter, non-protein nitrogen etc.) to the overall nutritional budget of 
freshwater crayfish, remain unknown. 
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9.5 Conclusion 
1. The hepatopancreas of the yabby in conjunction with growth and feed utilisation 
data can be used to provide valuable information about the nutritional status and 
health of cultured animals.  
2. The large size of the hepatopancreas and the foregut may be important 
adaptations to a diet high in terrestrial plant matter and may permit survival in 
habitats where food is subject to considerable spatial and temporal variation. 
3. Natural feeds, particularly those associated with the sediment, appear to be an 
important source of nutrients to yabbies grown in ponds even when sufficient 
alternatives are present. 
4. Nutrient processing time and the enzymatic response following the ingestion of 
manufactured and natural feeds, appears to be regulated by the chemical and 
physical properties of the diet.  
5. A high level of inorganic matter (from sediment) and a low protein content (i.e. 
low energy value) appears to result in the rapid and efficient processing of 
nutrients. The interaction between diet quality and processing time may be 
instrumental to the yabby’s successful existence in low nutrient environments. 
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Table 9.3  
The dry matter, protein and ash content of the foregut from  
yabbies fed a variety of diets in an aquarium system1. 
_________________________________________________________________________          
Diet  Mean Diet (%)            Foregut                                       ____  
Code2 weight (g) Protein Ash DM3 Protein (%) Ash (%)  
_________________________________________________________________________ 
P0 27.21 ±2.12   0.51   1.03   8.00 26.95 ±1.29   6.50 ±0.57  
P5 31.39 ±1.34   5.36   9.62   7.88 14.48 ±0.63 11.36 ±0.42 
P10 30.67 ±1.45   9.33   0.52 12.50 11.31 ±0.21   1.34 ±0.08  
A15 25.83 ±0.77 15.02   2.73 13.92 17.59 ±0.26   3.72 ±0.16  
P20S20  31.27 ±1.57 19.44   6.44 12.63 22.86 ±0.25   7.50 ±0.08  
P25S20  30.52 ±2.00 25.04   9.10 13.10 29.14 ±0.29 10.84 ±0.21 
B2(48) 46.69 ±0.22 27.81   7.05   7.52 32.07 ±0.44   8.63 ±0.22 
B2(96) 50.68 ±1.78 27.81   7.05 14.35 30.18 ±0.10   7.75 ±0.05 
A30 27.72 ±1.59 31.04   6.76 11.71 33.89 ±0.50   8.36 ±0.12  
P52 31.29 ±1.60 52.25   9.28   7.57 52.00 ±0.07 10.55 ±0.11 
Zoo 31.29 ±1.60 55.92 15.06   4.81 56.58 ±0.52 16.18 ±0.39  
Det1 30.00 ±0.69   9.81 61.32   4.90 39.47 ±0.29 22.39 ±0.29  
Det2 32.93 ±0.67 24.47 25.22   5.86 43.89 ±0.18 13.58 ±0.40  
Det3 27.56 ±0.17 12.75 51.54   5.61 39.07 ±0.91 22.27 ±0.71 
_________________________________________________________________________ 
1 Values represent the means of 3 replicate groups of 12 yabbies except 
   B2, where 6 replicates of 10 animals each were evaluated. 
2  Yabbies had access to food for 30 mins. except Det3, which was 15mins.  
3; mg dry weight / wet yabby weight (g) 
Diet codes and formula (as % dry weight) were as follows;  
   : P0 (solka-floc*, 77% ; sodium alginate, 23%) 
   : P5 (wheat flour, 50%; bentonite, 10%; solka-floc, 20%; starch, 15% 
            corn/cod liver oil, 4.8%; vitamins/minerals, 0.2%) 
   : P10 (wheat flour, 95%; corn/cod liver oil, 4.8%; vitamins/minerals, 0.2%) 
   : A15/A30 (refer to Table 5.1),   
   : P20S20  & P25S20 (refer to Table 3.2 & 3.3), 
   : B2 (48/96) (Barastoc batch 2, animals fasted for 48 h or 96 h)  
   : P52 (refer to Jones et al., 1995) 
   : Zoo (frozen Daphnia sp.),  
   : Det1/2/3 (detritus based on T. repens) 
* Solka-floc Cellulose. 
Table 9.4  
Foregut content and relative fullness of yabbies 
grown in earthen ponds for 100 days. 
_____________________________________________________________________________ 
Treat. Flood* MW ±se (g) N  Foregut      
(pond)    dry matter1 % full protein(%) ash(%)  
_____________________________________________________________________________ 
Control F1W3   6.29 ±0.25  61      2.34 20.9   24.51 46.99  
 (Ct) F2W3   6.54 ±0.23  88      2.36 21.2   33.83 33.56 
 F3W3   5.67 ±0.30  71      3.35 30.2   41.83 21.22 
 F4W3 12.70 ±0.44  50      3.20 29.4   39.16 27.21 
 F5W3 11.14 ±0.51  75      3.47 32.0   38.47 23.01 
 ___________________________________________________________________ 
Crop F1W3   8.52 ±0.25  57      4.01 44.3   32.98 24.05 
(C1) F2W3   7.94 ±0.50  31      5.57 61.4   29.94 30.02 
 F3W1   9.02 ±0.52  36      7.06 78.3   31.78 23.00 
 F3W2 10.41 ±0.79  21      5.99 66.9   33.41 22.90 
 F3W3 13.20 ±0.28  21      6.46 72.9   30.57 28.38 
 F4W3 18.24 ±1.23  29      6.29 72.1   26.35 31.10 
 F5W3 21.80 ±1.38  43      4.74 54.7   24.46 32.31 
 
Crop F1W3   8.43 ±0.31  54      4.50 49.8   34.09 24.00 
(C2) F2W3   8.02 ±0.40  36      5.72 63.1   32.99 25.58 
 F3W1   9.68 ±0.41  33      7.13 79.5   32.34 20.62 
 F3W2   8.82 ±0.36  37      6.31 70.0   32.54 23.15 
 F3W3 13.13 ±0.88  18      5.97 67.5   28.25 29.62 
 F4W2a 13.42 ±1.02  24      5.59 63.2   35.61 20.52 
 F4W2b 11.52 ±0.86  22      5.48 61.5   37.18 19.72 
 F4W2c 13.95 ±0.67  22      4.86 55.0   38.95 17.14 
 F4W3 18.93 ±0.92  21      4.15 47.7   44.14 17.71 
 F5W3 16.12 ±0.78  44      3.89 44.3   38.53 22.13 
 ___________________________________________________________________ 
Pellet F1W3   8.89 ±0.33  56      5.34 45.2   32.99 26.82 
(P1) F2W3 14.30 ±0.87  31      6.66 57.6   31.94 23.15 
 F3W3 21.94 ±2.43  17      6.51 57.4   34.98 18.96   
 F4W2a 28.75 ±2.03  10      6.09 54.4   35.57 17.24 
 F4W2b 28.32 ±1.66  11      6.20 55.3   38.05 16.95 
 F4W2c 26.42 ±1.09    9      7.57 67.4   31.72 19.83 
 F4W3 27.60 ±1.63  16      5.01 44.7   36.38 21.08 
 F5W3 34.75 ±2.22  42      4.44 40.0   32.45 26.22 
 F5W3NF24 32.50 ±2.37  37      3.51 33.9   36.06 24.64 
 F5W3NF72 32.60 ±1.77  34      3.42 32.7   36.53 22.60 
 
Pellet F1W3   8.09 ±0.21  54      4.81 40.3   31.68 30.26 
(P2) F2W3   8.27 ±0.45  36      5.41 45.4   34.38 24.34 
 F3W3 14.40 ±1.15  16      7.25 62.4   27.59 26.41 
 F4W3 23.39 ±0.80  33      7.33 64.5   32.02 16.72 
 F5W3 23.59 ±1.50  46      4.83 42.5   32.40 20.76 
 F5W3NF24 29.50 ±1.34  40      4.86 45.1   34.97 23.38 
 F5W3NF72 30.82 ±1.43  60      4.08 36.4   37.76 23.41 
_____________________________________________________________________________          
* FxWy(a,b,c)NFz ; Fx = flood x, Wy = week y, NFz = no food for z h.   
         sampling time; a = 2330-0030 h, b = 0300-0400 h, c = 0800-0830 h)       
         (all other sampling times were between 0730-0830 h) 
1; mg dry weight / wet yabby weight (g) 
Table 9.5  
Faecal quantity, composition and apparent nutrient digestibility 
for yabbies grown in earthen ponds for 100 days.  
                   
Treat. Flood* MW ±se (g) N Faeces                   DMD  APDC 
(pond)    DM1 protein ash ExR2   
       (%)  (%) 
           
Control F1W3   3.42 ±0.12  146 4.88 4.26 84.82 1.22 44.60 90.37  
 (Ct) F2W3   5.48 ±0.11  196 2.52 5.81 70.99 0.56 52.68 91.87 
 F3W3    6.49 ±0.21  122 2.39 7.57 67.03 0.43 68.34 94.27 
           
Crop F1W3   4.65 ±0.18  164 4.03 6.20 58.73 1.01 59.05 92.30 
(C1) F2W3   8.10 ±0.23  117 3.57 6.02 55.24 0.71 45.66 89.07 
 F3W1   7.76 ±0.27  113 3.89 7.46 46.23 0.78 50.25 88.32 
 F3W2   8.13 ±0.30  100 3.58 6.70 49.44 0.72 53.68 90.71 
 F3W3   9.66 ±0.30  105 3.41 6.38 58.07 0.57 51.13 89.80 
 
Crop F1W3   6.22 ±0.16  181 3.49 7.60 49.26 0.87 51.28 89.14  
(C2) F2W3   9.41 ±0.21  116 2.70 6.65 59.46 0.60 56.98 91.33  
 F3W1   9.28 ±0.32  101 2.87 8.25 41.02 0.57 49.73 87.18 
 F3W2 12.27 ±0.23  101 2.94 7.73 43.51 0.53 46.76 87.36 
 F3W3   8.62 ±0.21  110 3.49 6.58 54.74 0.58 45.89 87.40  
          
  
Pellet F1W3   4.57 ±0.19  156 3.93 5.80 61.80 0.98 56.60 92.37 
(P1) F2W3 13.94 ±0.62    94 2.69 7.00 59.12 0.54 60.84 91.42 
 F3W3 21.25 ±1.16    55 2.36 7.02 60.85 0.39 68.84 93.75 
 
Pellet F1W3   5.28 ±0.12  206 3.43 5.14 66.05 0.86 54.19 92.57 
(P2) F2W3   9.43 ±0.54  107 3.06 6.79 52.91 0.61 54.00 90.91 
 F3W3 15.76 ±0.60    64 2.89 7.03 55.04 0.48 52.02 87.77 
           
* FxWy; Fx = flood x, Wy = week y, sampling times were between 0730-0830 h 
1; DM, dry matter; mg dry weight / wet yabby weight (g) 
2; ExR, excretion rate; mg dry faeces / g yabby / h 
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Figure 9.2
Foregut volume versus yabby weight.
Figure 9.3
Hepatopancreas weight versus yabby weight for
animals cultured in ponds for 100 days.
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Hepatopancreas from yabbies cultured in ponds on  
different dietary treatments and sampled during flood 2. 
 
 
Pellet; 30% protein manufactured diet (B2).  
Crop; forage-crop of T. repens. 
Control; no added food 
Figure 9.5
Protein (a) and ash (b) content of the diet and the resultant
protein and ash content of the foregut for animals held in tanks.
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Figure 9.6 
Foregut fullness (%) of yabbies sampled at various times
during growth in earthen ponds on different diets
A: Week 3 of floods 1-5 for all ponds.
B: Week 1-3 of flood 5 in the crop-based ponds.
C: Flood 4, Week 5 of the pellet-based ponds (NF, no food for 24h & 72 h) .
D: Flood 4, Week 2 (time a; 0000h, b; 0400h, c; 0800h).
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Figure 9.7
Defecation rate versus mean yabby weight (a) and
foregut fullness (b) for pond reared animals (in PP:I) 
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CHAPTER 10 
 
General Discussion 
 
This study has made a significant contribution to our understanding of the 
nutritional requirements and feeding biology of C. destructor. In doing so, it has 
illuminated certain aspects of the ecology of the species, and has provided a solid 
foundation for the future refinement of feeds and feeding practices for the culture of 
the yabby, an aspect which until now has been somewhat neglected.  
 
In the first phase of this study, a wide range of protein-based ingredients suitable for 
incorporation into artificial diets was identified and a reference diet was proposed 
for future comparative studies. For the first time, dietary induced shifts in allometry 
were reported for a freshwater crayfish. A substantial difference in growth 
performance between C. albidus and C. destructor fed the same diet and cultured 
simultaneously in identical conditions, highlights the importance of selecting 
appropriate species/morphs/populations for commercial culture. 
 
In the second phase of this study, high nutrient digestibility coefficients for a wide 
variety of diets further illustrated the nutritional flexibility of the yabbies digestive 
system. The preferential defecation of nutrients by freshwater crayfish and the effect 
this has on the estimated digestibility coefficients was quantified for the first time. A 
reliable and simple technique for estimating nutrient digestibility was developed, 
and was based on the exogenous marker, Cr2O3. 
 
In the final phase of this study it was shown that the indigenous feed resource of 
yabby production ponds is particularly important during the early weeks of the 
production cycle and that supplying a manufactured pelleted diet during this period 
appears to be of little value. Furthermore, in well managed crop-based systems, the 
use of pelleted feeds may be restricted to situations where the forage-based nutrient 
reserves have been depleted or are unable to support high growth rates. This is the 
first study of C. destructor to have revealed that the physical, chemical and 
morphological characteristics of the hepatopancreas of pond-reared animals varies 
 265
according to diet-type and collectively provide valuable information about the 
nutritional status of cultured animals. Also, the yabby appears to be unique in 
possessing a large hepatopancreas and a capacious foregut compared with other 
decapod crustaceans. 
 
This is the first nutrition study of C. destructor involving a sequential and rigorous 
method of artificial diet development and has culminated in the identification of a 
compounded diet valuable for use in hatcheries, nurseries and growout situations. 
Several fundamental and apparently unique aspects of the biology of C. destructor 
have also been identified, which not only confer a high culture potential status, but 
which also appear to be integral to survival in natural (sometimes extreme) 
environments. The major advances made in this study require consolidation in future 
nutrition studies of C. destructor. Subsequent dietary development must be based on 
sound nutritional principles and must employ powerful and appropriate experimental 
designs. 
 
Summary growth and feed utilisation data for the various trials of this study are 
provided in Table 10.1. High growth rates, excellent feed utilisation indices (even 
after correcting for non-dietary calcium accumulation), and high digestibility 
coefficients for a wide range of animal and plant-based pelleted diets, illustrate the 
efficiency with which the yabby can convert food energy into biomass. Musgrove 
(1995) also reported high assimilation efficiencies by C. destructor fed pelleted diets 
containing 15% and 35% protein, while Woodland (1967) in a pond-based study 
found that C. destructor was highly efficient at converting ingested energy into 
growth (at approximately 50%). Villarreal (1991) also reported high net conversion 
efficiencies for a similar freshwater crayfish, C. tenuimanus, fed pelleted diets 
varying in protein content from 17-48%. According to Villarreal, the efficiency with 
which species belonging to the genus Cherax can convert food energy into growth, 
provides a bioenergetic advantage over other crayfish species with lower growth 
efficiencies. Indeed, the efficiency with which an organism can utilise a food 
resource is probably one of the most important factors affecting growth and 
reproduction in aquatic environments, surpassing predation as a limiting factor 
(White, 1978). This is particularly true in habitats that regularly experience severe 
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nutrient shortages and even in environments where food is abundant, the only 
animals that will survive will be those that can exploit effectively the available feed 
resource. Natural selection will favour species with high bioenergetic efficiencies. 
 
C. destructor has the capacity to live for prolonged periods in environments that 
may be nutritionally compromised on a temporary or long term basis. In some of the 
drier (desert) regions of Australia for example, yabbies may have to cope with 
transitory surface waters and nutrients may be in short supply for extended periods 
(sometimes years). Although the yabby’s ability to survive in these environments is 
well recognised, until now, little information was available regarding the biological 
strategies that yabbies might use to survive in such conditions. At the other extreme, 
in cooler more temperate localities, yabbies may be exposed to protracted periods of 
low water temperatures and the available time for growth and reproduction may be 
very brief (<3 months). Survival in such varied and extreme habitats reflects the 
generalist-type nature of C. destructor, and the wide morphological variability 
among populations may, at least in part, be the result of differences in nutrient 
availability among habitats. In this study, some of the morphological and 
physiological attributes that appear to be essential to survival in such environments 
have been identified. 
 
The results of the present study have illustrated for the first time that the gross 
morphology (i.e. tail size) of the yabby is subject to nutritional modification. Such 
dietary induced plasticity of form has not been recorded previously for any 
freshwater crayfish species and may be part of a more general strategy of resource 
partitioning in environments devoid of high quality food. This phenomenon has 
raised some doubt regarding species delineation within the C. destructor/albidus 
complex and requires further consideration. The large size of the hepatopancreas 
and the foregut, the capacity to partition and preferentially defecate the low nutrient 
value inorganic component of the diet, the apparent control over nutrient processing 
time and enzymatic secretions in relation to diet-type, and modified behaviour 
according to feed availability also demonstrate plasticity/adaptability. A 
combination of these important characteristics ensures survival in environments that 
may be adverse and highly variable in terms of nutrient availability. 
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Protein is one of the most important determinants of growth in natural systems 
(White, 1978) and is usually the most expensive component of artificial diets used in 
aquaculture (Ackefors et al., 1992; Ali, 1992). Its importance to the nutrition of C. 
destructor has been identified clearly in the present study. Qualitative and 
quantitative shifts in dietary protein were shown to have a substantial affect on 
growth, moulting, pigmentation, feed utilisation, carcass composition and 
morphology. Protein digestibility however, was high across all of the diet-types 
evaluated. 
 
Animals fed low protein (15%) diets under controlled conditions in this study were 
clearly nutritionally stressed. They grew very slowly, had relatively poor feed 
utilisation indices, were inadequately pigmented (even when 3% crustacean meal 
was included), incorporated more lipid and less protein into body tissue, had 
relatively smaller tails, spent longer in the intermoult phase and had greatly reduced 
moult increments relative to animals fed the high (30%) protein diet. The long term 
survival (>20 weeks) of animals fed such poor diets is unknown. However, based on 
the apparent ability of the yabby to accommodate such diets by altering body form 
and function, survival to reproductive maturity and beyond may have resulted. Other 
mechanisms that permit survival in nutritionally poor environments (such as reduced 
size at maturity, lower fecundity, changes in behaviour, and altered metabolic rate) 
are undoubtedly associated with the capacity of yabbies to survive in such 
conditions. However, the use of similar low protein diets to those used in the present 
study, can only be recommended for situations where other nutritious foods are 
present (e.g., as in pond environments). 
 
Momot (1995) proposed that high quantities of animal protein are necessary to 
support maximum growth in freshwater crayfish and that arthropod protein may be 
the best source, but made no recommendations about the required levels in artificial 
feeds. Furthermore, he suggested a redefinition of freshwater crayfish as “obligate 
carnivores” despite the fact that crayfish can inhabit successfully low nutrient 
environments where animal protein is scarce. The results of the present study 
illustrate that the digestive system of C. destructor appears to be well adapted to 
processing a wide variety of feed-types including bulky fibrous material, finely 
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divided and sparsely distributed sediment-based feeds, high nutrient pellets, and 
diets consisting entirely of other animals (i.e. zooplankton). Collectively the 
morphological and digestive traits elucidated in this study probably reflect a 
naturally polytrophic feeding behaviour and contrast with Momot’s (1995) proposal. 
Furthermore, restriction to a single functional feeding group implies that only one 
mode of nutrition will satisfy the requirements for growth and reproduction 
(Cummins and Klug, 1979), and this is clearly not the situation for the yabby. The 
exact role that freshwater crayfish play in the ecosystem is probably a function of 
their habitat, the available feed resource and the trophic structure of the community, 
and, based on their apparent capacity to exploit effectively (at least to some degree) 
a wide range of trophic levels, the long standing classification as “polytrophic 
omnivores” still seems appropriate. 
 
The results of the present study and those of others (e.g., Huner and Meyers, 1979; 
D'Abramo and Robinson, 1989), suggest that 15-20% of the diet (as dry matter) and 
at least 20% of the protein portion (in diets containing 30% protein) should be high 
quality animal material. A wide variety of animal protein appears to be suitable for 
C. destructor. However, for best overall performance (i.e. high growth rates, good 
feed utilisation indices, correct pigmentation and a desirable morphology), diets 
containing modest levels of fish meal and a crustacean meal (each at approximately 
10%-dry matter) are recommended. Subsequent nutrition studies of the yabby 
should investigate ways of completely replacing the fish meal component with other 
readily available cheap animal proteins. 
 
In this study it was not possible to ascertain with certainty if the improved growth 
obtained by feeding with zooplankton over the best developed diet (in Aq:IV), was a 
response to an increase in the percentage of animal protein in the diet, or due to 
other differences associated with the physical and chemical composition of the diets 
(e.g., their palatability, lipid composition and absolute protein quantity). However in 
Aq:II, the similar growth response recorded for juveniles fed pelleted diets (of an 
almost identical proximate composition) based on zooplankton (Zoo) or soybean 
meal (P30S60), suggests that the effect of feeding zooplankton in Aq:IV was due to a 
difference in absolute quantities (of protein, lipid etc.) rather than qualitative 
 269
differences. Contrary to this suggestion, Jones et al. (1995) recorded poor growth of 
hatchling animals fed a 52% protein pelleted diet (containing 74% animal protein) 
compared with animals fed a diet of live or frozen zooplankton containing 57% 
protein. A qualitative inadequacy of the pelleted diet used by Jones was probably 
responsible for the effect and may be based on a nutritional dependency for high 
quantities of arthropod (zooplankton) protein during the hatchling phase. The 
apparent contradiction between the 2 studies may be related to ontogenetic 
differences in nutrient requirements for the 2 phases examined. 
 
Future studies of C. destructor should address further the growth enhancing 
properties of freshwater zooplankton. It would be of considerable value to the 
aquaculture industry to identify the critical elements of zooplankton that elicit high 
growth rates with low coefficients of variation, for tank-reared animals. In terms of 
foraging theory, it would be useful to determine optimal zooplankton densities and 
species composition for yabbies in various phases of development. In addition, an 
energetics-based cost-benefit analysis of feeding, using various diet-types, would 
provide important information about dietary preferences and feeding behaviour. 
Freshwater zooplankton clearly require further consideration in subsequent studies 
involving the yabby. At this juncture, zooplankton (particularly species belonging to 
the genus Daphnia), of a defined nutritional composition and feeding history, should 
be used as a reference diet in subsequent nutrition research on the yabby. 
 
The relative contribution of zooplankton to the nutritional budget of pond-reared 
animals was not determined in this study. However, on the basis of the growth 
enhancing properties of zooplankton, it would seem that a reasonable approach 
would be to maintain high numbers in yabby production ponds for as long as 
possible. As yabbies are predominantly substrate feeders (particularly during their 
advanced stages of development), it is expected that a substantial proportion of the 
zooplankton that is consumed, is foraged dead or moribund from the pond bottom. 
The proportion of zooplankton that is consumed live will be density and species 
dependent. For example, Daphnia carinata will feed on sediments when 
phytoplankton abundance is low, thereby concentrating pond populations to within 
about 10cm of the pond bottom (Mitchell and Williams, 1982) and effectively 
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within reach of benthic predators such as the yabby. Nevertheless, in most 
circumstances, zooplankton probably represent a comparatively unavailable feed 
resource in ponds (particularly when densities are low), compared with the more 
immobile fauna of the benthos. Studies on other commercially important freshwater 
crayfish have indicated that benthic macroinvertebrates are important prey items 
(e.g., Hanson et al., 1990, for Orconectes virilis; Ilheu and Bernardo, 1993, for P. 
clarkii). Momot (1995) proposed that freshwater crayfish have a predilection for 
benthic macroinvertebrates, and that if given a choice, will select arthropods 
preferentially. Considering the yabby’s ability to utilise efficiently animal protein 
derived from a wide variety of sources, the enhancement of slow moving benthic 
macroinvertebrates (e.g., gastropods, annelids) in ponds, may be a more direct and 
therefore a more efficient method of stimulating yabby growth in preference to 
techniques that focus on water column productivity. In heavily stocked ponds, the 
benthic invertebrate feed resource will probably become depleted, and at such times 
the overlying zooplankton population may become more important. Pond 
management strategies should focus on optimising both of these feed components 
and in such a way that they act synergistically. Further work is required to increase 
our understanding of the role that macroinvertebrate organisms play in the 
commercial production of the yabby. Techniques for enriching the sediment and 
simultaneously monitoring benthic and pelagic communities and their effect on 
growth should be the focus of subsequent pond-based studies. 
 
A suitable artificial diet for newly independent yabbies (i.e. hatchlings) has not yet 
been identified, although considerable progress has recently been made in the 
development of artificial diets for other decapod crustaceans in early phases of 
growth (Jones et al., 1993). It was proposed in Chapter 6 that advanced-stage 
juveniles (>0.8g) are more capable of utilising pelleted diets than hatchlings and that 
this may have an ontogenetic basis. A comparatively undeveloped digestive system 
if present in hatchling animals may result in different feed and nutrient 
requirements. A single powerful study that simultaneously focuses on the 
developmental changes in digestive morphology and physiology and the feed 
requirements of the various growth stages, is yet to be performed for any freshwater 
crayfish. However, several independent studies have been conducted. Loya-
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Javellana et al. (1994) studied the ontogeny of the foregut of C. quadricarinatus and 
concluded, on the basis of gastric mill dentition, that small juveniles (<15mm total 
length) are more opportunistic than larger animals and are morphologically 
equipped to feed on detritus and zooplankton. In another study of C. 
quadricarinatus, Loya-Javellana et al. (1993) found that detritus was selected by 
post-independent stage 1 animals (without yolk) in preference to zooplankton, and 
concluded that redclaw are primarily detritivorous but will feed opportunistically 
during early free-living stages. No supportive growth data was provided to 
substantiate the claim that detritus is nutritionally important to hatchling redclaw. 
 
Although a shift in feeding behaviour is central to the pond production model of 
Mitchell et al. (1995), the exact nature of the proposed dietary shift remains to be 
determined. It has been demonstrated in this study, that a shift to feeding on detritus 
may be a facultative response and may not occur in situations where zooplankton (or 
possibly other invertebrates) are sufficiently abundant. Apparent dietary shifts in 
crayfish may merely reflect natural fluctuations in feed availability. For example, it 
has been proposed that high quantities of detritus in the gut of crayfish indicates a 
shortage of more desirable foods under natural conditions (Soderback et al., 1987; 
Momot, 1995). Considerable uncertainty still exists regarding the importance of 
detritus to the nutrition of freshwater crayfish and to the nature of the proposed 
dietary shift. Further studies are clearly required. 
 
In the present study, at a stocking density of 15 animals m-2, acceptable growth rates 
were obtained by providing dry matter from a high quality forage crop (T. repens) at 
a rate of 533g m-2 and 681g m-2, and protein at a rate of 84g m-2 and 177g m-2, to 
yabbies grown in earthen ponds (for 100 d) and pond microcosms (for 70 d) 
respectively. These forage inputs are in the lower end of the targeted range of 500-
1000g m-2 (as dry matter) for the culture of P. clarkii (Huner et al., 1994), and it is 
expected that higher forage inputs in the present study would have resulted in better 
growth performance, providing good water quality was maintained. Although some 
progress has been made here, the most effective forage-based strategy to use in the 
production of C. destructor remains unknown. It is quite plausible that the 
cultivation of forage crops specifically for use in freshwater crayfish ponds may be a 
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cost-effective and expedient method of feeding. Furthermore, additional research on 
yabby pond ecology is required in order to be able to more effectively manipulate 
natural pathways for the in situ generation of nutritious foods. 
 
Despite the value of forage crops, well formulated pelleted diets appear to be 
superior in terms of overall growth and production. In this study, a maximum yield 
of about 1100kg ha-1 was obtained when pellets were the only added food, or when 
they were fed in combination with a forage crop. Nevertheless, unless a far greater 
proportion of the population reaches an acceptable size in a single growth season, 
the use of high inputs of manufactured feeds will probably be uneconomical. In 
warmer climates where growout periods are greatly reduced and 1 or 2 annual 
harvests is feasible, it may be more cost-effective to place greater reliance on 
manufactured diets. It is clear that an economic evaluation of the methods used to 
culture yabbies must be site specific, and must involve comparison of widely 
differing management techniques that range from highly intensive practices (based 
on commercially prepared diets) to highly extensive operations (that utilise forage 
crops as primary feed inputs). Such analyses must be performed before definitive 
recommendations can be made about the economic best practices of using 
manufactured diets. 
 
It is also apparent from this study, that manufactured diets contribute to only a 
fraction of the food consumed by yabbies when they are fed to animals cultured in 
earthen ponds. A substantial component of growth (particularly during the early 
phase of production) comes from natural pond productivity and appears to be 
associated intricately with the quality of the sediment. By determining the relative 
contribution of natural biota to the nutrition of cultured animals, it becomes feasible 
to use nutritionally incomplete (supplementary) feeds that are designed to 
complement the natural food resource already present. In this way, certain nutrients 
may be reduced or removed from the applied feed to lower manufacturing costs. It 
has been shown for example, that removing the vitamin supplement from 
“nutritionally complete” pelleted diets that are fed to other decapod crustaceans in 
ponds, has not resulted in reduced growth (e.g., Castille and Lawerence, 1989, for 
M. rosenbergii; Trino et al., 1992, for P. vannamei). However, in a recent study of 
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M. rosenbergii, (Tidwell et al., 1995) “a nutritionally complete feed” was found to 
produce better growth and to be more economical than the use of an equivalent diet 
with fish meal replaced and the vitamin and mineral components deleted. A 
comparison of the growth and production of yabbies fed “complete pelleted diets” 
with those fed pellets deficient in certain major nutrients awaits evaluation.  
 
Pond-based comparisons of pelleted feeds containing various protein levels are also 
required. Pond-based studies of similar freshwater crayfish have shown that the 
protein input from pelleted feeds may only influence growth and production to a 
small extent. For example, McClain (1995a) found that weight gain by P. clarkii 
was not significantly affected by the feeding rate (i.e. total protein input) in 2 
separate pond-based experiments. Morrissy (1995) reported that only 2% of the 
variability in growth of C. tenuimanus fed pelleted diets containing 14 - 30% 
protein, could be attributed to the protein content of the feeds. Although the 22% 
and 30% protein diets evaluated by Morrissy were designated as reference diets, 
they only resulted in a slight improvement in growth over a 14% protein chicken-
layer pellet. Furthermore, the total feed (or protein) input was not a significant factor 
in Morrissy’s growth model. Morrissy (1992) also reported an almost identical 
growth response for marron fed a 23% protein wheat-based diet and a 33% protein 
lupin-based diet in ponds. As the feeds used by Morrissy varied in parameters other 
than the protein content, it is plausible that the lack of an effect due to dietary 
protein may have been caused by a factor that was limiting across all the diets 
tested. Alternatively, natural feed consumption contributed to the majority of the 
growth response irrespective of the protein content of the applied feeds. This 
situation has been well studied for several species of finfish. The protein content of 
supplementary feeds and the feeding rates can be modified for some finfish 
according to an estimation of the natural food available in ponds (Hepher, 1988). 
Low protein, high energy diets are usually used when pond productivity is high. 
Further work is required to establish the interrelationship between dietary protein 
levels in pelleted feeds, natural pond productivity and crayfish growth and 
production. 
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In the present study, the pelletised diets were utilised more efficiently than a forage 
crop of T. repens and essentially resulted in less feed wastage. This effect is 
probably the result of differences in protein quality, although the method of feed 
delivery (i.e. large infrequent inputs of organic matter from the forage crop 
compared with small regular inputs from pellets) may also have been significant. A 
substantial proportion of the nutrient value of plant forages may be directed into 
other production pathways. Indeed, as much as 30% of the total organic matter (as 
dry weight) can leach from some plants within 24 h of submergence (Bowen, 1987). 
Plant-based forages (whether terrestrial or aquatic) are also poorly utilised by other 
freshwater crayfish (Brown, 1995a; Momot, 1995, -reviews). Nevertheless, forage 
crops are effective in pond production environments although it remains unclear as 
to the exact nature of their growth enhancing effect. What is certain however, is that 
the nutritional value of forage crops is related to their stage of decomposition and 
degree of microbial enrichment (Pomeroy, 1980; Rubright and Harrell, 1981; 
Bowen, 1987), and also to their nutritional profile in the fresh state (Avault et al., 
1983; Brunson, 1987; De La Bretonne and Romaire, 1989; Avault and Brunson, 
1990). The ultimate selection of a forage crop in preference to a pelleted diet will 
probably be site specific and will be a function of the type of culture system 
employed.  
 
Overall pellet stability (as dry matter retention) was poor in all of the diets used in 
this study. The best developed diet (P30) lost 13% of dry matter after 1 h in flowing 
water. The maximum recommended loss for manufactured diets is <10% after 1 h of 
submergence (Cuzon et al., 1994). It is plausible that poor pellet stability may have 
resulted in some degree of growth reduction, particularly in the aquaria trials where 
no other food was available. Better binders and/or more effective methods of pellet 
production should be used to manufacture diets similar to those used in this study. 
Wheat gluten may be a good option for incorporating into pelleted diets and 
deserves further consideration in subsequent studies. It appears to be well digested 
by yabbies and other similar freshwater crayfish (e.g., P. clarkii, Reigh et al., 1990), 
is an excellent pellet binder (particularly if processed correctly), and is a readily 
available and reasonably priced commodity in Australia.  
 
 275
In pond environments, pelleted diets, particularly those that have poor structural and 
chemical stability, must by virtue of the aquatic medium have a fertiliser effect on 
the system. This may represent an inefficiency associated with the production 
process, particularly with slow feeding benthic decapods. Some degree of pellet 
wastage is inevitable in earthen-based environments. The challenge is to minimise 
the loss of nutrients to other production pathways. Nevertheless, as D’Abramo and 
Sheen, (1991) aptly state, “ultimately the value of a feed, whether it represents a 
direct or indirect source of nutrients, is based on the magnitude of the standing crop 
it supports and its effect upon the biology of the pond”. In the extreme case, it may 
not matter if pelleted diets principally serve to enhance natural pond productivity, if 
the overall outcome is a cost-effective increase in production. This scenario will 
require the use of very cheap (nutritionally incomplete) supplementary pelleted 
feeds, possibly those based on terrestrial crops (e.g., sorghum, lucerne). 
“Nutritionally complete” pelleted diets are expensive and a loss of nutrients to non-
target organisms is detrimental to the cost-efficiency of feeding. 
 
Although feeding with cut-forage crops is beneficial, it is not known to what extent 
a reconstituted (pelletised) “equivalent” will affect growth. However, pelletised 
forage crops can be successfully used to enhance production (e.g., Mills and 
McCloud, 1983). Providing major nutritional losses are not the result of the pellet 
making process, forage crops may be more suitably fed, transported and stored in a 
pelletised form. Furthermore, the pellet medium (irrespective of the basic 
component/s) provides greater control over nutrient input levels and types. Precise 
modifications can be made to the feeding strategy and to the composition of the diet. 
Despite the apparent benefits of feeding with pellets, it remains to be determined 
which components of the pond system respond to an increased nutrient input (either 
complete or incomplete) from pelleted feeds, and whether feeding with pellets is a 
cost-effective option. 
 
The technique used in this study to evaluate the consumption and digestion of food 
by pond-reared animals (i.e. the foregut content analysis) did not permit the relative 
intake of individual feed items to be determined. However, in conjunction with 
similarly collected data for tank-reared animals, the procedure did provide valuable 
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information about the strategies that yabbies use to secure, process and assimilate 
various feed-types. 
 
 
The challenge is to identify which biotic components of the pond environment 
stimulate the best growth rates of yabbies and therefore should be enhanced, and 
also what are the most expedient methods of enhancement. Although organic and 
inorganic fertilisers are typically used for this purpose, they may not immediately 
target the production of appropriate prey species and may result in nutrient 
deficiencies in some circumstances. Cheap pelleted diets may serve an important 
role in this regard and require further evaluation in subsequent studies. 
 
It appears that a number of complex and interacting factors are responsible for 
regulating the quantity and timing of enzyme secretion and subsequent rate of 
nutrient processing by C. destructor. Understanding the mechanisms controlling 
such processes and the implications of different enzyme secretion patterns, together 
with information on food processing rates and gut clearance times under various 
dietary and environmental regimes, provides valuable information about feeding 
behaviour, food consumption and digestive capacity. From an aquacultural 
perspective, such information provides a sound basis for selecting appropriate 
feeding strategies, while from a biological perspective, this information is essential 
to the development of optimal foraging models. 
 
In other decapod crustaceans, substantial changes to the digestive system occur 
during early development, particularly in species that have complex larval phases. 
Ontogenetic shifts in digestive functions, feeding behaviour, and assimilative 
capacity often have a morphological basis (e.g., Lovett and Felder, 1990; 
Kamarudulin et al., 1994; Rodrigeuz et al., 1994; Kumlu and Jones 1995). 
Structures that are intimately associated with feeding and digestion (e.g., the gastric 
mill and overall foregut morphology) are sometimes used to support phylogenetic 
classifications and differences between groups are often argued on dietary-based 
grounds (e.g., Caine, 1975; Growns and Richardson, 1990; Icely and Nott, 1992). In 
the present study, the relative size (and complexity) of the foregut and the 
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hepatopancreas are of interest. Animals with a small foregut (e.g., the penaeids) are 
usually continual or intermittent but frequent feeders, whereas animals with a large 
foregut (such as C. destructor) have the capacity to feed relatively less often. The 
size of the hepatopancreas appears to influence survival time, enzymatic capacity, 
reproductive potential (T. McRae, pers. comm.) and can be used to assess the 
nutritional status of animals. The size of these organs is biologically significant and 
may also be phylogenetically important. It is proposed that the size of the foregut 
and the hepatopancreas increased when marine decapod crustaceans invaded 
freshwater habitats and that a dietary shift to terrestrial plant-based feeds high in 
fibre, may have been partly responsible. Inter-specific comparisons of the size of the 
foregut and the hepatopancreas have not been considered hitherto, although their 
gross morphology has been the focus of many studies (Icely and Nott, 1992, for a 
review). Furthermore, for C. destructor, no other information is available regarding 
the functional significance of the size of these organs. It is plausible that if a dietary 
shift does in fact occur during development in freshwater crayfish, as has been 
proposed (Goddard, 1988; Mitchell et al., 1995), then this will be reflected in the 
morphology and physiology of these important organs of digestion. 
 
This study has revealed that the yabby is highly efficient at converting food energy 
into biomass, and that specialised and flexible mechanisms associated with the 
morphology, moulting, digestive functions and to a lesser extent feeding behaviour, 
permit survival (and growth) in environments where the availability of high quality 
food is often transitory and may be patchy in distribution. It has also raised many 
questions which are both important to the further development of a freshwater 
crayfish culture industry in Australia and to our understanding of the ecology of the 
animal. Several productive pathways for future research have been identified.  
 
Of paramount importance to the commercial production of C. destructor, is the 
further elucidation of the nutritional requirements and feeding preferences of 
animals in various phases of development. More information on food consumption 
rates, feeding behaviour, food preference, nutrient digestion and absorption, nutrient 
storage capacity, enzyme secretion patterns, and gut clearance times, under various 
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dietary and environmental regimes, would provide further insights into the feeding 
ecology of C. destructor and would clearly benefit the culture industry. 
 
Table 10.1 
Growth and feed utilisation by yabbies fed various diets in several growth and digestibility trials*. 
________________________________________________________________________________________________ 
Trial Diet SGR1 FCR2 PER3 ANPU4 PD5 DMD6
________________________________________________________________________________________________ 
Aq:I** (59 d) P30S0  3.16 ±0.17ab --- --- --- 88.36 ±0.36a 74.86 ±0.44a
 P30S20 3.21 ±0.17ab  --- --- --- 91.35 ±0.01b 79.95 ±0.01b
  P30S40 3.42 ±0.16b  --- --- --- 89.24 ±0.29c 71.80 ±0.72c
  P30S60 3.01 ±0.16a  --- --- --- 95.20 ±0.17d  83.70 ±0.24d 
________________________________________________________________________________________________ 
Aq:II (84 d)  Meat 2.42 ±0.15a 1.11 2.93 31.42 90.60 ±1.94ac 84.83 ±2.80ab
  Snail 2.53 ±0.23a 0.95 3.44 41.15 88.27 ±0.58a 80.13 ±1.05a 
 Soy(P30S60) 2.49 ±0.23a 1.05 3.18 38.62 94.96 ±0.83b 84.04 ±2.92ab 
  Yab  2.21 ±0.14a 1.21 2.78 31.69 94.05 ±1.07bc 89.35 ±1.49b 
  Zoo  2.48 ±0.10a 1.16 2.67 29.57 95.71 ±0.40b 91.40 ±0.87b
Digest 2a P30S60 --- --- --- --- 95.97 ±0.06 87.72 ±0.25
________________________________________________________________________________________________ 
Aq:III (140 d) A15 1.16 ±0.06a 2.53 2.64 21.83 ---- ----
Digest 3a A30 2.29 ±0.05b 0.79 4.21 44.64 95.24 ±0.26 88.64±0.66 
 D15 1.02 ±0.05c 3.13 2.10 18.71 ---- ---- 
 D30 1.90 ±0.05d 1.25 2.67 30.73 ---- ---- 
________________________________________________________________________________________________ 
Digest 4 P30S60(early) --- --- --- --- 97.33 ±0.10a 97.33 ±0.10a
 P30S60(late) --- --- --- --- 83.24 ±2.35b 30.56 ±9.52b
 P30S60(pooled) --- --- --- --- 95.31 ±0.25c 84.86 ±0.53c
 P30S60(old) --- --- --- --- 92.49 ±0.34d 74.81 ±0.57d
________________________________________________________________________________________________ 
Aq:IV (84 d) P30 3.23 ±0.09 --- --- --- ---- ---- 
________________________________________________________________________________________________ 
PM:I (70 d) C 2.50 ±0.10a 7.08 ±1.2a 0.87 ±0.19a --- ---- ---- 
 CP 3.58 ±0.09b 4.04 ±0.65b 1.17 ±0.16b --- ---- ---- 
 GP 2.79 ±0.12a 1.92 ±0.07c 1.73 ±0.07c --- ---- ---- 
 P 3.69 ±0.09b 1.41 ±0.02d 2.36 ±0.03d --- ---- ---- 
________________________________________________________________________________________________ 
PM:II (70 d) C 2.10 ±0.05a 3.56 ±1.78a 1.56 ±0.31a --- ---- ---- 
 CC 3.05 ±0.05b 7.54 ±0.57b 0.52 ±0.03b --- ---- ---- 
 P 3.27 ±0.11c 2.32 ±0.23c 1.30 ±0.09c --- ---- ---- 
________________________________________________________________________________________________ 
PP:I (100 d) Cont. 0.89a --- --- --- 92.17 52.51
 C 1.43 ±0.03b 14.6 ±0.55a 0.44 ±0.01a --- 89.26 51.04
 P 1.95 ±0.01c   1.5 ±0.06b 2.25 ±0.08b --- 91.47 57.75
________________________________________________________________________________________________ 
1: Specific Growth Rate = (Ln weight time t - Ln weight time 0) x 100 / time t 
2; FCR (food conversion ratio) = dry wt food consumed/wet wt increase in body wt 
3; PER (protein efficiency ratio) = wet wt increase in body wt (g)/protein consumed (g) 
4; ANPU (%apparent net protein utilisation) = (final - initial carcass protein) x100/dry protein intake (g) 
5; PD (apparent protein digestibility) = 100 - 100[(%Cr feed / %Cr faeces) x (%protein faeces / %protein feed)] 
6; DMD (dry matter digestibility) = 100 - 100[(%Cr feed) / (%Cr faeces)] 
*  Values (±se) with the same superscript are not significantly different (P>0.05). 
** Standard errors are analytical error values for Aquaria trial I,  
     (faecal samples were pooled within treatments then subsampled). 
     All other digestibility error values are due to daily fluctuations in digestibility and due also to analytical error.  
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Abstracts of papers submitted in support of the thesis 
 
Appendix I 
 
Jones, P. L., De Silva, S. S., and Mitchell, B. D. (1996). Effects of replacement of 
animal protein by soybean meal on growth and carcass composition in juvenile 
Australian freshwater crayfish. Aquaculture International, 4, 339-359. 
 
Abstract 
A feed trial was conducted for 59 days with juvenile Cherax destructor, mean 
weight (SE) 0.61 (0.01)g, reared communally and maintained on sixteen 
isoenergetic diets containing crude protein levels of 15, 20, 25, and 30%. For each 
protein level the fish meal component was replaced by soybean meal to produce 
diets in which 0, 20, 40, or 60% of the protein originated from soybean meal. Mean 
percentage weight gain per day ranged from 2.98% (15% protein, 60% soybean 
meal diet), to 11.75% (30% protein, 40% soybean meal diet). When soybean meal 
was included at a level of 40-60%, growth rate was reduced relative to that achieved 
with control diets at 15% and 20% protein levels. In no case did a 20% substitution 
significantly affect growth over that achieved with controls. A two-way interaction 
occurred between dietary protein and the level of dietary soybean meal. Feeds of 
higher protein content appeared to permit higher soybean meal inclusion levels 
without significantly affecting growth. Increases of 5% protein produced a 
significant improvement in growth when soybean meal contributed from 40-60% of 
the total protein. This effect was less pronounced in the control diets and the 20% 
soybean meal series. The percentages of protein increased and lipid decreased in the 
carcass as the level of dietary protein increased. A similar effect occurred by 
increasing the soybean meal substitution level to 60%. An obvious trend in carcass 
moisture, energy, and ash did not occur. A protein requirement of 30% is apparent 
when fish meal and soybean meal are included in diets at levels of 20% and 24% 
respectively. A maximum weight of 14.13g was recorded for an individual fed the 
30% protein, 20% soybean meal diet. 
 
(this paper is based on Chapter 3 of the present study) 
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Appendix II 
 
Jones, P. L., De Silva, S. S., and Mitchell, B. D. (1996). Effect of protein source on 
juvenile Australian freshwater crayfish. Aquaculture International, 4, 361-376. 
 
Abstract 
A feed trial was conducted for 12 weeks on juvenile Australian freshwater crayfish 
(Cherax destructor) (mean weight (SE) 0.82 (0.02)g) maintained on five 
isoenergetic diets with a protein content of 30%. Diets differed in the primary source 
of protein used, with meat, snail, soybean, yabby, and zooplankton meals 
comprising the major protein ingredient, varying from 56-60% of total protein. 
Mean percentage weight gain per day ranged from 7.57% (yabby meal diet), to 
9.42% (snail meal diet). No significant difference occurred in mean weight,  
percentage weight gain, specific growth rate (%), or survival among diets. A 
maximum size of 16.44g was attained on the yabby meal diet. Largest mean weight 
was 8.27g on the snail-based diet. Food conversion ratios were all good, with a 
minimum value of 0.95 recorded for the snail-based diet. Initial food consumption 
per day was approximately 5% of mean animal weight, decreasing to around 2.4%, 
and is collectively described by a power curve. Protein retention ranged from 
29.57% in the zooplankton meal diet to 41.15% in the snail-based diet. Carcass 
composition was influenced by feed type, with the most marked difference occurring 
in carapace colour. Animals fed the zooplankton-based pellets developed the 
strongest pigmentation. Recommendations are made for including certain protein-
based ingredients in manufactured yabby diets. 
 
(this paper is based on Chapter 4 of the present study) 
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Appendix III 
 
Jones, P. L., De Silva, S. S., and Mitchell, B. D. (1996). Effect of dietary protein 
content on growth performance, feed utilisation and carcass composition in the 
Australian freshwater crayfish, Cherax albidus Clark and Cherax destructor 
Clark (Decapoda, Parastacidae). Aquaculture Nutrition, 2, 141-150. 
 
Abstract 
Cherax albidus (A) and Cherax destructor (D) male juveniles (mean weight 0.95 ± 
0.03g) were reared  for 20 weeks on isoenergetic diets containing 150 g kg-1 protein 
(A15, D15) or 300 g kg-1 protein (A30, D30). Mean weight, percentage weight gain, 
and specific growth rate (%) were substantially higher for both species on the 300 g 
kg-1 protein diet. Mean percentage weight gain ranged from 2.39% day-1 (D15) to 
17.59% day-1 (A30). A maximum weight of 33.81g was attained by C. albidus on the 
higher protein diet. The most effective utilisation of food was observed in C. albidus 
when fed the higher protein diet (food conversion ratio, 0.79; protein efficiency 
ratio, 4.21; apparent net protein utilisation, 44.64%). Carcass composition was 
influenced by feed type. The higher protein diet resulted in an increase in carcass 
protein and ash and a decrease in carcass lipid and energy relative to the low protein 
diet (150 g kg-1 protein diet- C. albidus: 37.15% protein, 15.00% lipid, 25.20% ash, 
15.55kJ g-1 energy; C. destructor: 38.10% protein, 15.43% lipid, 25.70% ash, 
15.65kJ g-1 energy; 300 g kg-1 protein diet- C. albidus: 46.10% protein, 8.71% lipid, 
27.36% ash, 14.94kJ g-1 energy; C. destructor: 42.99% protein, 8.56% lipid, 26.44% 
ash, 14.71kJ g-1 energy). Carcass moisture and calcium were not affected by feed 
type. The time spent in the intermoult phase of growth was highly dependent on the 
premoult weight and varied according to diet and to species. A comparison of 
animals of similar weight (<8g) revealed that elevated dietary protein caused a 
reduction in  the intermoult period by 11 days in C. albidus and 7 days in C. 
destructor.  The moult increment however, was independent of  animal weight, and 
the highest percentage weight increment occurred for C. albidus fed the 300 g kg-1 
protein diet, (% weight increase; A15, 33.1%;  A30, 61.3%; D15, 31.2%; D30, 
56.5%).  Dietary induced morphological changes were also recorded.  Animals of a 
standard carapace length had significantly larger abdomens (both species) and larger 
claws (C. albidus) when fed the higher protein diet.    
 
(this paper is based on Chapter 5 of the present study) 
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Appendix IV 
 
Jones, P., Austin, C, & Mitchell, B. (1995) Growth and survival of juvenile Cherax 
albidus Clark cultured intensively on natural and formulated diets. Freshwater 
Crayfish, 10, 480-493.   
 
Abstract 
To promote the maximum expression of growth in the yabbie, Cherax albidus, it is 
imperative that all the nutritional requirements of the animal are satisfied at each 
stage of its life cycle.  Under intensive culture conditions highly specific dietary 
sources are required.  In a series of three trials, the growth performance and survival 
of juveniles (15.7mg, 18.4mg, and 755.0mg mean stocking weight by trial) were 
investigated using three pellet formulations consisting of 15, 30, and 52% protein, 
and a variety of natural diets.  Animals in the first experiment grew faster when fed 
a diet of live Daphnia, mean wt (MW) after 35 days, 649.04mg; mean %  weight 
gain (PWG), 3,314.55%; specific growth rate (SGR), 10.11, than those fed pellets 
containing 15% protein (MW, 103.37mg; PWG, 460.54%;  SGR, 4.88), or 30% 
protein (MW, 184.38mg; PWG, 902.21%; SGR, 6.51).  Survival was high (>75%) 
on all three diets.  In the second trial, growth of animals fed a combination of live 
Daphnia, Boeckella and Calamoecia (MW after 28 days, 353.0mg; PWG, 
2,208.75%; SGR, 11.16), or a frozen equivalent (MW, 304.1mg; PWG, 1,842%; 
SGR, 10.58), was significantly greater than animals fed a 52% protein pellet diet 
(MW, 123.3mg; PWG, 706.87%; SGR, 7.40), Artemia nauplii/larvae (MW, 117.4 
mg; PWG, 675.74%; SGR, 7.03), or Coptotermes acinaciformis (MW, 93.7mg; 
PWG, 519.55%; SGR, 6.41).  In the third trial, designed to assess longer term 
growth, yabbies fed a diet of zooplankton were significantly larger, (MW, 19.35g; 
PWG, 2,513.45%, SGR, 3.84), than those fed a 30% protein pelleted diet, (MW, 
12.1g; PWG, 1,498.26%; SGR, 3.23).  The results substantiate the nutritional value 
of selected species of zooplankton for the culture of juvenile C. albidus.  The use of 
freshwater zooplankton as a reference diet for early growth is discussed. 
 
(this paper is based on Chapter 6 of the present study) 
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